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Pa3padoTKa aJIrOpHTMOB NOCTpoeHHaA JBYMepHBIX ONTHMAJIbHBIX 
rpaHn4Ho-aanTHBHBIX CeTOK H HX WporpaMMHad peaJsn3alnA 
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Beedenue. Ormeyaetca, 4TO UCHONb30BaHHe B pacueTax ajlalITHBHbIX CeCTOK [O3BOJIA€T MOBbICHTb TOUHOCTb U 
QIKOHOMHYHOCTH BbIYMCIINTCJIbHBIX AJIFOPHTMOB, He YBeJIMYNBadA YUCIIO y3I0OB. OcoOeHHO 3dekTuBeH TaKOM NOAXOT 
pw pacueTax HecTaljMoHapHblx 3ayay. Ilenub WaHHoro ucciIeqOBaHHA — pa3pa0oTKa, NOCTpoeHve U TIporpamMMHas 
peasIM3alluaA MeTOJOB MOCTPpOeCHHA paCcdeTHbIX JIBYMePHbIX OMTHMAJIbHBIX TPaHHYHO-aallITHBHbIX CeCTOK JIA OOacTeH 
CHOKHOH KOHdurypalMu Cc COXpaHeHHeM 3aaHHbIX OCOOeHHOCTeH POpMBI U rpaHnitbl OOnacTu. IIpuMeHeHue Takux 
MCTOJIOB CHOCOOCTBYeT MOBBILICHHIO TOUHOCTH, IPdeKTHBHOCTH HM IKOHOMMYHOCTH BBIYHMCIIMTCIIBHbIX AITOPHTMOB. 
Mamepuauol u memoooi. PaccmotpeHa 1poOsiema aBTOMaTHYeCKOLO MOCTPOCHHA ONTHMasIbHOU TpPaHv4HO-ayanTHuBHOU 
CeTKH B OJHOCBA3HOM OOaCTH MpOH3BOJIbHOM TeOMeTPHH, TONMONOrM4eCKH 3SKBUBAJICHTHOM TPAMOYFOJIbHHKY. 
Tlosy4eHo pellieHve Jit MMHMMalIbHOrO Hadopa BXOAHOM MHMOpMalIMU: 3aaHbl Tpannita oOacTH B d@u3sn4eckoH 
IIOCKOCTH HW YMCIIO TOUeK Ha Hel. Co3aHve asIrOpHTMa HU IIporpaMMbl NOCTpoeHuA CeTKM Oa3upyeTca Ha MOJeIM 
MHAaMUKU YaCTHI. ITO MO3BOJIACT OMPeACIATh TPaecKTOPHU JIBMXKCHHA OTICIIbHbIX YACTHIL MU UCCIIeEAOBATbh TMHAaMUKy 
UX TapHOro B3aMMOJeCHCTBUA B paccMaTpuBaeMOHW CuCTeMe. C MOMOIIbIO HHCTpyMeHTa mask OTeIAIOTCA BHYTPeHHHe 
MW rpaHW4Hble y3JIbl CCTKH, U ITO TaeT BO3MOXKHOCTh OMpPeeIMTb CKOPOCTH MepeMelIeCHHA Y3JIOB C YYeTOM CHenWMMUKU 
pellaemMonu 3aa4n. 

Pe3ybmamol ucciedoeanua. Pa3pa0oTaHHble MeTOJbI MOCTPOCHHA ONTHMaIbHOM TpaHW4HO-aanTuBHOM CeTKU 
oOacTH CIOKHOM TeOMeTPHU alOT BO3MOXHOCTb pellHTb WpoOseMy aBTOMaTHYeCKOrO TOCTpOeHHA CeTKH B 
TBYMepHBbIX OOacTAx WHOOOM KOHdurypaunn. Jia OLCHKH pe3yIbTAaTOB UCCIICOBaHHA asIrOpHTMa pellieHa TecTOBad 
3allaua WU BY3yaIM3MpOBaHbI ITalIbl pelieHua. B Buse PHCYHKOB MOKa3aHbl pacueTHad OOaCTbh TeCTOBOHM 3aa4qu U 
padota PyHKIWH pacyeta CKOpocTU TepeMelleHuA BHYTPeHHUX y310B. Bu3yasn3alua NOATBepK1aeT IpeCHMyIecTBO 
TaKOFO MeTOJ[a MOCTPOCHHA CETKH, MPH KOTOPOM OTCJIAFOTCA TPpPaHW4HbIe U BHYTPeCHHHe y3iIbl. 

Oocyscdenue U 3akilIOUenUA, Pe3ylIbTaTbl TeOpeTHYeCCKHX UM YMCIICHHBIX UCCIeOBAHHM BaXxKHbI Kak JIA U3y4eHHA 
Ka4eCTBCHHbIX CBOMCTB CeTOK, TaK HU AIA pa3BHTHA MeTOJOB MOCTPOeCHHA pacueTHBIX CeTOK, MO3BOJIAFOIIMX 


3eKTHBHO, C BbICOKOM TOUHOCTHIO pelllaTb 3aa4u YHCJICHHOTO MOJ[eJIMpOBaHHA. 


Kuroveeole cioea: MCTO], THHAMUKY YWaCTHH, TBYMCpHad paCueTHadA CeCTKa, TPaHMIHO-aallTHBHaA CeTKa, AWMCJICHHOC 


MOJICJIMPOBaHHe. 
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Introduction. It is noted that the use of adaptive grids in calculations makes it possible to improve the accuracy and 
efficiency of computational algorithms without increasing the number of nodes. This approach is especially efficient 
when calculating nonstationary problems. The objective of this study is the development, construction and software 
implementation of methods for constructing computational two-dimensional optimal boundary-adaptive grids for 
complex configuration regions while maintaining the specified features of the shape and boundary of the region. The 
application of such methods contributes to improving the accuracy, efficiency, and cost-effectiveness of computational 
algorithms. 

Materials and Methods. The problem of automatic construction of an optimal boundary-adaptive grid in a simply 
connected region of arbitrary geometry, topologically equivalent to a rectangle, is considered. A solution is obtained for 
the minimum set of input information: the boundary of the region in the physical plane and the number of points on it 
are given. The creation of an algorithm and a mesh generation program is based on a model of particle dynamics. This 
provides determining the trajectories of individual particles and studying the dynamics of their pair interaction in the 
system under consideration. The interior and border nodes of the grid are separated through using the mask tool, and 
this makes it possible to determine the speed of movement of nodes, taking into account the specifics of the problem 
being solved. 

Results. The developed methods for constructing an optimal boundary-adaptive grid of a complex geometry region 
provides solving the problem on automatic grid construction in two-dimensional regions of any configuration. To 
evaluate the results of the algorithm research, a test problem was solved, and the solution stages were visualized. The 
computational domain of the test problem and the operation of the function for calculating the speed of movement of 
interior nodes are shown in the form of figures. Visualization confirms the advantage of this meshing method, which 
separates the border and interior nodes. 

Discussion and Conclusions. The theoretical and numerical studies results are important both for the investigation of 
the grids qualitative properties and for the computational grid methods that provide solving numerical modeling 
problems efficiently and with high accuracy. 


Keywords: particle dynamics method, computational two-dimensional grid, boundary-adaptive grid, numerical 
simulation. 
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Bpeyenne. IlocrpoeHve ceTKH W3Ha4asIbHO PacCMaTpHBaIOCh KaK HeCOOXOJMMBbIN BCIMOMOraTeJIbHbIM War B 
pemenuu wpyrux 3aya4u [1-3]. B uacrHoctn, pu pelleHuu 3aa4d BbIYMCIMTeIbHOU THAPOAMHAMUKUN MOCcTpoeHue 
pacueTHOM CeTKH — BeCbMa TPyJOCMKHM U JWIMTeIbHEIN Mporecc [4-6]. I[pu uccneyqoBanHuu akBaTOpHH peasIbHbIx 
BOJIOCMOB IIPHXOJMTCA MUMeCTb eso c OOMaCTAMM C OObCKTHBHO MpesoMmpeyeseHHOW panne, MpoxoAAN[eH BAO 
OeperoBor MMH I paHH4Hble y3JIbI IpAMOYTOJIbHOUK ceTKH J[eKapTOBbIX KOOPAMHAT, MOKPbIBAaFOLeH BOOeM, MOryT 
TOUHO He MoMmayjaTb Ha KOHTyp OeperoBol JMHUNH. CreqOBaTesIbHO, paBHOMepHad CeTKa JOJDKHa ObITb OYCHb MEIIKON, 
YTOObI ObLIM TPHeMJICEMbIMH BHOCHMBIe C10 MOrpeliHOCTH 3aqaHua OeperoBoii JMHUU. Hanpumep, aa A30BCKOrO MOpA 
ByMepHad ceTKa, Kak [paBuslo, cosepxUT Ooee ToNyMuIMOHa y300B[7—-11]. OrmetuM tTakoxKe, 4TO TIpH 
MCIOJIb30BAHHH TPAMOYTOJIbHbIX Ce€TOK KpaeBble yCJIOBHA CTaBATCA B TOUKAX, CMEIICHHBIX OT peasIbBHOHM TpaHubl, 


mM00 (pu yce4deHHU paHW4HbIx AYeeK CeTKH) BOJIM3H paHUIbI KOHICHTPUPyIOTCA HEOAHOPOHOCTH, CBA3AHHBIe C 


'Sukhinov A. I., Sukhinov A. A. Reconstruction of 2001 ecological disaster in the Azov sea on the basis of precise hydrophysics models // Parallel 
Computational Fluid Dynamics, Multidisciplinary Applications, Proceedings of Parallel CFD 2004 Conference, Las Palmas de Gran Canaria, Spain. 
Amsterdam : Elsevier, 2005. P. 231-238. https://doi.org/10.1016/B978-044452024-1/50030-0 
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HepaBHOMePHOCTBIO IWaroB MO MpOCTpaHCTBeHHBIM HallpaBseHHAM’. YuHTbIBad CKa3aHHOe, a TaK%Ke HeOOXOAMMOCTE 
YIpOWeHHA CTPpyKTyp JJaHHbIX MW aITOPHTMOB UX OOPpaoOTKH, YMCJICHHOe MOJeMpOBaHve ykKa3aHHOro Tua 3aa4 
lesIecoOOOpa3HO MpOBOAUTb Ha ONTHMAaJIbHOM rpaHu4HoO-aalTuBHOH cerTkKe [12-14]. 

B wHacTosilei cTaTbe MpecTaBsIeHbl alropuTM WU MporpamMMa, pa3pa0oTaHHble Id MOCTpOeHHA 
YeTbIPCXYTOJIBHBIX OMTHMAJIBHBIX TPAaHMUHO-aalTHBHBIX PaCueTHBIX CETOK Ha OCHOBE MeTOJa JHHAMMKU 4ACTHIL B 
JBYMepHOHM ITOCTaHOBKe. ITOT MOIIHbIM BBIYMCIIMTeIbHBIM MeTO MWO3BOAeCT MpeCTaBHTb y3JIbl Ce€TKH Kak 
3aPsDKeHHBIe YACTHILbI HU MOJCJIMPOBaTb JMHAMUKY CHCTeMBI, COCTOAMeH 43 O(POMHOrO 4UCIa YacTUL (JO MMJWIMOHA). 
Ha puMepe TecTOBbIxX 3ajJau JeMOHCTpUpyetca 32ddeKTUBHOCTb paOOTbI aIrOpHTMa JIA OONacTeH co CO*KHOK 
rpannen. 

Matepnabi Ww MeToabI. OnncaHne Merosza nocrpoenna 2D OnNTHMaJIbHOM rpanHw4Ho-alzalnrTnuBHon 
cerkn. B JiekaptoBpow cuctemMe KoopyquHatT Oxy sBBenzem oodnactb D. B oodnactu D_ ctTpontcsa ceTka 


o= (x, y,,). i=1N,, J =1N,} 110 3a@HHbIM KOOPAMHaTaM TrpaHW4HbIxX y3I0B. CeTouHad OONacTb pa3yesaerT 


oOmacTtb D Ha 9IeMeHTapHble WOAOOMacTH B BUe YeETbIPeCXyIOJIbHUKOB. Y3iIbl CeETKH MepepaciipeesA!OTCA BJLOJIb 
KOOPJIMHATHBIX JIMHUM. 3aTeM B HYXKHbIX 30HaX, re TpeOyeTcA crylleHHe y3JIOB, MepeMeHHbIe x,y 3aMeCHAKOTCA Ha 


CoKUMAIOMMe MepeMeHHBIle ¢,7 C MOMOL[bIO pa3zesICHHbIX NpeoOpa3s0BaHnn: 


(€.1) (x,y): x=x(En), y=y(En), (1) 
(x.y) > (Ga): €=o(xuy), n=n(xy). (2) 
TakuM o6pa30m, Ha miockoctu (¢,7) crpoutca ceTkKa w= (Em, ), i= LN, jJ= LN,| , koTopas 


olpeylemsetca (PYHKUWAMU x = x(é,n), y= y(én). 


IloctpoeHuve pacyeTHOH ceTKH w@ Oa3upyeTca Ha MeTOJIe JHHAMUKH YacTuL. Takad TeXHHKa MOJeIMpOBaHHA 
IWMpPOKO lpeycTaBsIeHa B JIMTepaType, MOITOMY MBI OCTAaHOBUMCA Ha Hen JMUIb BKpatie [15-17]. 

Y3Ibl CeTKH @ I[IpefCTaBIdeM COBOKYMHOCTbIO 4aCTHIl Cc 3apayqaMH g, WU Maccoh m,, KOTOpbIe 
TlepeMellaroTca B pacdeTHOH OOnacTH D ByOub U BOM3H ee rpaHulbl. UacTuIbl B3aMMOJeMCTBYIOT pyr Cc ApyroM, 


IIPH4EM CHJIbBI B3AMMOJIEMCTBUA UMELOT IJIEKTPUYECKY!O NpUpory. 
Ha OTeIbHO B3ATYIO I-10 YaCTHILY CO CTOPOHBI /-M YaCTHIbI 10 3aKOHY KyoHa JeMCTByeT OTTAJIKUBarOllaAr 


cuna F’;. AOconroTHad BelMunHa cuibl Fy oOnpewesaeTcA paccTOAHHeM M@XKTY JAaHHbIMM YaCTHIaMH, a ee BEKTOP 


HalipaBJICH IPOTHBOMOIOHKHO PasMyC-BeKTOpy i, COCMHAIOMIeMy i-H U j-M 3apaybl (puc. 1). 





Puc. 1. CxemMa B3aMMOJeHCTBHA 4acTHIL 
TpaeKTopHu JIBHXKeCHHA 3aPA.KCHHBIX UACTHIL OMpeeAIOT pactonox*XeHHe y3JI0B cCeTKH. Odo3HaduM 


KOOPJMHATHI 1-H 4aCTHILbI i, y,) , a j-u —(é,.1, i J|MHa pasuyc-BekTopa /;, OlpeyeuAtOMlero MepeMelleHue y3I1a 


(x, cv. ) K y3u1y Ge N, ) , paccuuTHIBaeTCaA 110 PopMyyie: 


ty =0(%Vy-SpoMy) = (3) 





*Sukhinov A., Chistyakov A., Sidoryakina V. Investigation of nonlinear 2D bottom transportation dynamics in coastal zone on optimal curvilinear 
boundary adaptive grids // Dynamic of Technical Systems: Proc. of XIII Intern. scient.-tech. conf. Rostov-on-Don, 2017. 132. 04003. 


https://doi.org/10.1051/matecconf/201713204003 
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OTMeTHM OCOOeHHOCTS Mpeodpa30BaHna (1)—(2). Ec paccrosHue r #0, To y3er @ N, ) OTTAJIKUBaeTCA OT 


KaKOrO 3 coceyqHuX. OHM B CBOIO O4epedb JOJDKHbI HOO BCTaTb Ha Wpes"wMcaHHoe paccTosHHe, HO00 
OTOJBHHYTbCA, IPUTAHYBINIMCh K COCeHEMY Y3J1y H OCBOOOMB MECCTO JIJIA BHOBb BCTABJIACMOTO. 
Buy mpeoOpa3opanua (1)—(2), coxKUMarOMerO KOOPAHHATHI X,y B 30HAX OOJIbINMX rTpasMeHTOB, OlpesesAeTca 


pemieHvem 3ayaun. C sTOM IeIb1O B HallpaBsIeHuM Ocen Ox, Oy UCMONb3yeTCA MOJeIbHOe ypaBHeHHe, OMMCbIBAaIOII ee 


NOTeHUMA: 
l 
F(x Kgs Vy ij? Sy N,) = , (4) 
Ay), ij? Sy My) 
roe / — xKoosdduiueHT MponoplmtvoOHasIbHOCTH MexKy MOTCHUMaOM WM paccTOAHHeM 7 B 3ajJJaHHOM y3uIe, @ — 
HeEKOTOPBIN MapaMeTp. 
Kaxkbiit y3eJ1 CTDeMUTCA K CHW2KCHUEO MOTCHIMAaIbHOU 9HEPrun, a UMCHHO: 
DF (XV Xone Yan) > min, i=1,N,, j=LN,, n=1N,, m=lLN,. (5) 
Cua aCe y, ) CBA3aHa C WOTeHUMaIOM fF = F (x, Vode: M1; ) CIE TYHOULMM COOTHOIMICHHeM: 
— al ” 
f (x,.», ) = grad (F) =-y> 7" (6) 


a+2 
m,n 7 XVM sD) 


IIpu MogenupoBpaHHn mpollecca B3aMMOeNCTBHA MOABYMOKHbIX YaACTHIL MpesMosaraeM, 4YTO y3JIbl CeTKH, 
oMmaBllune 3a IpeesIbI pacueTHOK OOJIACTH, BbIHYXKCHbI IepeCMeCTHTbCA B TOUKY Ha rpaHulle oOOacTu, paccTosHue 10 
KOTOPOH MMHWMalsIbHO. CxemMa B3aMMOJeCMCTBHA MOKTY MWOABMOKHOM YacTuien Ww wacTuIeH Ha rpaHuije WoKa3aHa 


a 


Ha puc. 2. 






a) 6) 






Puc. 2. CxemMa B3aMMOJ[eHCTBHA YaCTHI Ha TpaHulle pacueTHoH oOOnacTu D : HalipaBienve JBYOKCHHA YaCTHI, BHYTPH OONAacTu 
D (a); HatipaBiieHve JBWOKCHHA GaCTHI 3a Wpesesamu oOmactu D (6) 


TexHOJIOrMA UHCIICHHOrO UHTerpHpoBaHHA ypaBHeHHii BwKeHHA Oa3upyeTca Ha asIrOpuTMe, 
IIpeCTaBJICHHOM B [17]. 

Onvicanne 1porpaMMHOro cpeACcTBa AIA pacueta ceTKH. [[porpamMMa COCcTONT 43 MOyIeH, pealIM3yIOUNx 
TATb (PYHKIUMM: YyUpaBJIAFOULy!O, BbI3bIBAIOILYIO pacueTHble (YyHKIMH 3aaHHOe KOJIMYeECTBO pa3; TPH pacueTHbIe 
(yHkuMH u PyHKUMIO Bu3yalMB3alHu. PacueTHbie: PYHKIMA, OMMCHIBAFOIIad CKOPOCTb MepeMeleHuA y3I0B; PYHKIUMA 
TlepeMelleHHA Y3JI0B; (PYHKILMA MPOBeEPKH BbIXOJa y3JIOB 3a TpaHully OOacTH. 


CrpykKTypa JaHHbIx IporpaMMsI: A — BxXOJHOM MaccuB pa3MepamMu [NV ,M | : 
C — maccus Bu3yanmu3aunu, B., B, — MaccuBbl pasmepamu [n,m] , ONMMChIBAaIOLIMe pacnouoxKeHHe y30B; B, — 
MaCCHB pa3MepamMu [n,m], ONHMCHIBaIOIIMM MACK TpaHWYHbIxX YCJIOBHH; U, V —- KOMIIOHEHTBI BEKTOPa CKOpOCcTH 


llepeMellleHua y310B; i, 7 —- CYeTUMKH; nN, m — KOJIMYECTBO y3JI0OB 10 HalipaBseHuaM Ox, Oy cooTBeTCTBeHHO; / 


— KOIPMUUNEHT MPOMOPUMOHAJIbHOCTH Mex TY MOTCHIUMasIOM UW paccTOAHHeM / B 3a]aHHOM y3JIe; G& — HeKOTODPBI 
llapaMetp (cTemeHb mpu r ). YupaBuaromad PyHKUMA OOHYIACT MACCHBBI UH 3ajaeT HAdaJIbHOe pacnoIO*KeHHe y3JIOB. 
AJITOpUTM, ONMChIBAIONIM MYHKIMIO CKOPOCTH TepeMelleHHA y3J10B. 
Bxoyuple MaccuBbl: B_, B,, B, uMmapametp a (wanpumep, a = 3). Berxoguple: u, v. 


1. Hayano Unkia m0 NepeMeHHbIM i, j. 3Ha4ueHHA = =CYeCTUMKOB = 3aj,akOTCA = =©9paBHbIMU 
i=Q,....n—-l, 7 =0,...,.m—1. 
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2. OTNeneHve TpaHW4HbIX HM BHYTPCHHHX TOYUeK pacyeTHOM OOacTu. Ecam mask = 1 — Touka Ha rpaHute 
oOmacTu, Nepexoy Ha ui. 3, ecm mask = 2 — TOUKa BHYTpU OOsIacTH, Nepexoy Ha M1. 4. 

3. ANTOpUTM, ONMCHIBaFOLMH (yHKUMIO CKOPOCTH MepeMeleHHA TPaHW4HBIX Y3JIOB 

3.1. OOHysIeHHe MaCCHBOB U, V. 


3.2. Hayano wunuKia m0 mWepemeHHbim’ il, jl. SHaveHMA CYeTUMKOB 3aaKOTCA paBHbIMU 
NSt 2,250 2, Jl J Die J 2. 


3.3. PacueT paccTosAHMA OT OJHOFO y31a WO Apyroro: 





1 1 


Dis ) + (By, = 


3.4. IIpopepka ycnoBua. Ecnu r > 0, To nepexoy K 1. 3.5, HHa4e Tepexoy K 11. 3.6. 


3.5. PacueT u, v Wn a=3: 


(Bx, , — Bx, 
l,] 11,] 

u,, <-u,, +-————_——_— Bm, ,,, 
J l,J Qa ry] 

r 
(By,, - By, ,) 

Vg SV, ns 

LJ LJ r* J 


3.6. Hapammsanne cyeTunkos il, jl umepexoa Kn. 3.3. 
3.7. HapampBanne cueTUnMKOB i, j UMepexon Ki. 3.1. 


4. AnropuTM, OMMMcbIBaFollui PyHKIMIO CKOPOCTH MepeMelll|eHHA BHYTPCHHUX y3JIOB 
4.1. OOHyneHHe MaCcCHBOB U, V. 


4.2.  Hayano wUnkia m0 NepeMeHHbIM il, jl. SHayeHua cCueTYMKOB 3ayjakOTCH paBHbIMU 
il=i-1,..,i+]l jl=j-L.. j+l. 

4.3. IIpopepka ycnosus. Econ (il—i)( j1—j) =0, To mepexog k m1. 4.4, wHaye mepexog K 11. 4.8. 

4.4, PacueT paccTOAHUA OT OJHOFO y3IIa WO Apyroro: 
age 2 ter ) +(By,, = DY 5, ). 
4.5. IIpopepka ycoBua. Ecsm BpmmomHaetca 7 > 0, TO Hepexoy K U1. 4.6, wHaue Tepexoy K M1. 4.7. 
4.6. Pacuet u, v aia 4k =0,005: 

U, <u, —k( Bx, — Bx, i} 






il,jl 
Veg 7 Vig —k(By, — By, ., ). 
4.7. Hapamupanue cuerunkos il, jl wu mepexon kK m1. 4.4. 
4.8. Hapamupanue cueTunkos 7, 7 UMepexoyK m1. 4.1. 


AJTOpuTM, ONMChIBAIOWINH PyYHKIMIO pacderTa MepeMelleHHA y3J10B. 
Bxogubie maccuBpl: B., B,, u, v wu Mapamertp / (Hanpumep, / = 30). Berxogupie Maccuspl: B., B,. 


1. Hayano WnHkKia 0 epeMeHHBIM i, /. 3HaYeCHHA  CY4eTUMKOB 3aakOTCA paBHbIMU 
Palate, 7 = Ween 2: 
2. PacuetT maccupos B., B,: 
BK, <= BX, + lM, 3 
By, , <— By, +ly,,. 
3. HapammpBanne cueTunKosB i, j MU Wepexoy KI. 2. 


AJITOpHTM, ONMChIBAIOIHH PYHKIMIO IpOBepKH BbIXOa y3J1I0B 3a TpaHnily o01acrn. 
Bxogubie maccusb: B., B,, A wu mapametp d (Hanpumep, d=3), OMMcpiBarollMii pasMepbl OKHa, B 


KOTOPOM IIpeycTaBsIeHa pacueTHad OOACT B Cilyyae BbIxoa y3la B., B, 3a rpanutly pacueTHou OOnacTH. BErxoHble 


maccuBbI: B., B,. 
1. Hayano wWMkKia m0 MepeMeHHbIM i, fj. 3HaYeHHA CYeCTUMKOB 3afjakOTCA paBHbIMu 


b=l\.38=2,, J H=1.,—2.: 


2. Haxoxy}eHve WHCKCOB B MaccuBe A , COOTBETCTBYIOLIIUX Y3IIY (Bx, ,, By, ) : 
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i] <— |Bx, , 





,  jl<|By,,]. 





3. HayanbHoe 3HaueHHe pacCCTOAHWA TO PpaHHbl 3aaeTCA 3HAICHUCM HapaMetTpa d: 


r<2d. 
4. IIpopepka ycuOBuaA BEIXOa TOUKH (il, jl) 3a TpaHully pacueTHOK OONacTH: ecu BbIMONHAeTCA A, , >O0, 
wHaye nepexon Bu. 12. 
5. Hayano unKia m0 epemMeHHbIM 72, j2. 3HayYeHHA CUYeTUMKOB 3aaIOTCA paBHbIMH 


i2=—d,....€d, j2=—d.,...,d. 
6. IIpoBepka TouKu (i2+i1, {24 j\) Ha [IpWHaIexKHOCTh pacueTHOMW oOOacTH: eC BbIMOJIHACTCH 
‘yui,j2uj1 = 9, WHaye Tepexoz B m1. 10. 
7. Paccrosnne oT y3u1a (Bx, ,, By,,) yo TouKH (i2+i1, 72+ jl) Haxogzutca no popmyse: 


2 


rl<e 





. . 2 . . 
Bx, , -i2-i1) +(By,, — j2- jl) 
8. Ecum rl >r, BbInomHAeTCA I. 9, HHaYe Mepexon K 11. 10. 
9. 3anmloMnHaeM TOYKY pacyeTHOU OONacTH, OMKAaIIy!O K y3s1y (Bx, ,, By, ,) 
r<ri, i3<i2+4+i1, j3<j2+/Jl. 
10. Hapammpanne cueTUMKOB 110 WepeMeHHbIM 72, /2 WU BO3SBpAT K II. 6. 
11. CmMemenne y3s1a (Bx, ,, By, ,) Ha rpaHully pacueTHOU OOacTu: 
Bx,, << 13, By,, — 73. 
12. Hapammpanne cyeTunKosB i, / WU Wepexoy K I. 2. 


AJITOpuTM, OMMChIBAIOWINH PYHKIMIO BH3yaJIN3alHn. 
Bxoyuple MaccuBbl: B_, B,, A. BaixoqHow MaccusB — C. 


1. B Maccus Bu3yasIM3allMH MOMelmlaeM MaccuB A. 


2. Hayano wunkia m0 nepemMeHHbIM i, j,k. 3HaveHHaA CUCTYHKOB 3aalOTCA paBHbIMH 


i+l,j 


j=l,....n-3, j=1,..,.m—2, k =|Bx,,|...|Bx 





3. HaHocuM BepTHKaJIbHble JIMHUM: 


By, - By, 
C| k,|By,, +e 


“Bx, , — Bx, 
Pri, J 1] 


(k - Bx, ,)| | 255. 


4. Hapammpanue cyeTauKos i, j, k umepexoa Km. 3. 


5. Hayano wWukia m0 epeMeHHbIM i, j/, A. 3HadeHHA CUeCTUHKOB 3aakOTCA paBHbIMu 


i=1,....n—2, j=1,..,m—-3, k= By, 





...|By 


i,j+l 





6. HaHocuM ropui30HTaJIbHbIe JIMHHU 


By,,,— By, 
pes  .(k— Bx, |] |< 255. 
Bx... , — Bx 


mig Fe 


C| k,|By 


Lg 


7. HapamimBanue cueTunkos i, j/, k wu mepexoa KM. 6. 
BxoygHoi dain — BMP. Ha Hem 4epHbIM IBeTOM OOO03HadeHa TeOMeTpHA OOMACTH, Ha KOTOPOM CTpOouTcA 
ceTka. OctTasibHad OOslacTb OO03HaY4eHa OelIbIM ItBeTOM. McxogHpml dain BMP 3anncbipaetca B MacCHB, Ip 39TOM 


YepHBIM BET COOTBETCTByeT 3HayeHHAM 0), a Oembrt — 255. K BbIxoqHOM MHdopMalMu OTHOCATCA MaccuBEI B., B,, 


ONHCHIBAFOIIMe pacnouOxKeHHe y3I0B CeTKH, H MaccHB C’, B KOTOPOM xpaHHTCA TreOMeTPHA MCXOAHONM OOacTH C 
HaHeCeHHOH CeTKON. 
Pe3yJIbTaThI HCcI1e1OBaHHA. Pe3sybTaTbI paOoThI asIrOpUTMa JIEMOHCTpUpyeT pellieHve TeCTOBOH 3aauH. 
BxogHble JIaHHble: HCXOTHad OOaCTh Bua, MpewcTaBIeHHOrO Ha puc. 3,a TakxKe pacueTHble JaHHble 
n=12, m=14, i=1,...,10, 7=1,....12, /=30, d=3, a=3. 
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Puc. 3. PacuerHas oOsacTb TecTOBOM 3ana4H 


3a HavasIbHoe PpaciOJIOKCHHe Y3JIOB HPMHUMaeTCA paCiOJIOKCHHe Y3JIOB CCTKH W 0e3 atanTauuu K pane 


WcxOJHOW OOsacTu. Bu3yarn3aiua padots PyHKUMU TepeMellleHHA BHYTPCHHUX y3JIOB IipecTaBsieHa Ha puc. 4. 
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Puc. 4. Padota dyHKIIMM pacdeTa CKOpOCTH MepeMellleHHA BHYTPCHHHX Y3J10B 


Pe3yibTaT MOCTpOeCHHA YeTLIPeXyrOJIbHOW TpaHW4HO-ayanTHBHOHW CeTKH @, MOKpbIBaFOIlleHw MCXOZHYIO 
oOlacTb, WOyYeH Ha OCHOBe IIpeyicTaBsIeHHoro ayropuTMa (puc.5a). Puc. 56 noka3bIBaeT paOoTy alropuTmMa 
MporpaMMbI Jia cJlydad, KOrMa He OTeANIMCh rpaHH4HblIe HW BHYTPeHHHe y3JIbIl. ABHOe MpeHMyleCTBO CeTKH, 
IIpeycTaBJIGHHOW Ha puc. 5 a, COCTOMT B TOM, YTO ee AYCHKH — BBIIYKJIbIC YEThIPeCXyrOJbHUKH. Ja ceTKH Bua 5 6 
JJaHHoe TpeOoBaHHe He BbITMOHACTCA. 





Puc. 5. Pe3ymbTaTbI paOoTbi alropuTMa MOCTpOeHHA CeTKH @ : H300paxKeHHe CeTKH M , NOCTPOeCHHOU Ip OTAeCHHU MpPaHv4HBIX U 


BHYTPeHHHX Yy3JIOB CeTKH (a); H300paxKeHHe CeTKH MW , HOCTPOCHHOH Oe3 OTMeICHHA TpaHH4HbIxX MU BHYTPCHHUX y3JIOB CeTKH @ (6) 


OOdcyxxKeHHe Hu 3aKIO4UeHHA. [IpeniowxeHa TeEXHOJIOIMA NOCTPOCHHA JIBYMePHbIX OITMMAaJIbHbIX TpaHH4Ho- 
aJalITHMBHBIX Ce€TOK, Oa3Mupylomlaica Ha MeTOJIe JHHAaMMKM YacTH. Pa3spadoTaH H ONpoOOBaH aITOpHTM 4MCIICHHOTO 
pacueTa 4eTbIPeXYIOJIbHbIX CETOK JIA OONAaCTeH CIOKHOM KOHMUTypalluu C COXpaHeHHeM 3a aHHbIX TeEOMeTpHyeCKHX 
ocoOeHHOcTeHi (opMbI oOsacTH uM ee rpaHuitbl. Ha mpumMepe TecToBOM 3aa4uH UCCIeOBaIMCbh BO3MO2%KHOCTH 
peyaraeMoro asIropHTMa. OHO 43 MpeHMyIIeCTB aHHOM IporpamMMHOM peal3aluH — BO3MO2%KHOCTb 
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Beedenue. ViccnenqopaH mpouecc cBOOOTHbIX KOeOaHHH UYBCTBUTeIbHOrO 3JIEMeCHTa MMUKPOMexXaHHyeckKoro 
rupockona R-R-Tuna paMouHOH KOHCTpyKiIMM pa3padboTKH Hay4Ho-nccieqOBaTesIbCKOrO WMHCTUTyTa NMpukKwaHoU 
MeXaHHKH UM. akaylemuka B. VU. Ky3HenoBa c y4eTOM HeOpTOrOHaIbHOCTH Ocew TopcuoHoB. M3yyeHo BsIMAHue 
WHCTPYMeHTaIBHOH TWOrpeliHOCTH U3rOTOBJIGHHA Ha TOUHOCTbh TMpocKona Ha TOJBMXKHOM OCHOBaHHM B Ciryyae 
CBOOOJHBIX KOIeOaHHH. Llesbro paOoTbI ABIAIOCb MOBbINIeCHHe TOUHOCTH mpHOopa MOocpeyxCTBOM pa3pa0oTKH 
MaTeMaTHYeCKON MOJesIM MUKpOMexaHHyeckKoro rupocKona R-R-Tulla c yaeTOM HEOPTOrOHAaJIBHOCTH OCeM TOPCHOHOB 
M WCCeqOBaHHA BIIMAHHA yKa3aHHOW MOrpellIHOCTH Ha TOYHOCTb MpHOopa. AKTyabHOCTb 3aa4u MOBBILIeCHHA 
TOUHOCTH MUKPOMeXaHHyeCKHX THPOCKONOB CBA3aHa C TOBBINIeCHHeEM TOUHOCTH HHepilMasIbHbIX HABMTal|MOHHbIxX 
CHCTeM, OCHOBAHHbIX Ha MUKPOMexaHHyecKHX JaTuKax. 

Mamepuane u memoooi. (ipeqnoxenbl HOBaA MaTeMaTH4eCKad MOJeJIb, ONMChIBAaIOIad JWMHAaMUKy TupocKona c 
Y4eCTOM HHCTPyMeHTaJIbHOM MOTpemiHOCTH W3rOTOBIICHUA MpHOopa, u PopMywia [JIA ONeCHKU MOrpellIHoOcTu rupockona. 
IIpuBeyeHbl 3aBHCHMOCTH TepeMeHHbIX COCTOAHHA, MOJIYYCHHbIe TO pe3yJIbTaTaM MOJeuMpOoBaHHA MW Ha OCHOBEe 
9KcHepHMeHtTa. B ucciIeqOBaHHH UCHOIb3OBaHbI MeTOJIbI TeEOpeTHYeCKOH MexXaHWKW VU aCHMIITOTHMYeCKHe MeTOJIBI, B 
TOM 4nCciIe PopMasu3M JlarpaHKa MU MeTOAMKa OcpeyqHeHuA KpsiioBa-borosro0osa. 

Pe3yjibmamol ucciedoeanua. Pa3padoTaHa HOBad MaTeMaTHMYeCKad MOJIeIb JMHAaMMKH YTupocKolla Cc y4eTOM 
HeOpTOrOHasIbHOCTH OceH TOpcHoHos. Ilouy4eubi pellieHve ypaBHeHuit MaJIbIxX KOJeCOaHHi YYBCTBUTeJIBHOrO 3JIEMeHTAa 
rupockona MW OleHKa yrvia Wpelmeccuu IA cy4ad NOABMKHOrO OcHOBaHuA. IIpoBeqeH cCpaBHUTeIbHBIM aHasIn3 
pa3paOoTaHHOH MOeuH C 9KCHePMMCHTaJIbHbIMH JaHHbIMH, TOJYYCHHbIMH B CilyYae CBOOOHBIX KOeOaHni 
4YBCTBUTeEJIBHOTO QIEMeHTa THpocKoNa pW HeMOABMXKHOM OcHOBaHuH. Ilo pe3ylbTaTaM aHalIM3a NOATBepxeHa 
aJ|eKBaTHOCTb OCTpOeCHHOM MaTeMaTH4ecKOM MoOyerH. ChopMupoBaHbI aHasiuTMYecKHe  BbIpaxkeHua, 
J@MOHCTpupylollue TOT (akT, 4YTO HCOPTOTOHAJIbHOCTbh OCeH TOPCHOHOB IIPHBOMT K TepeKpecTHOMy BJIMAHHIO 
aMIVIMTY], MePBUYHbIX KOJeOaHHH Ha aMIVIMTyYAbI BTOPU4HBIX KOJIeCOAaHHM YYBCTBUTEJIBHOTO 3JICMeHTa UH MOABJICHHIO 
ONOMHUTCIbHOK MOpeliHOCTH B WOKa3aHHAX YFIOBOH CKOPOCTH IIpH padoTe rupockora B CBOOOAHOM perxkKuMe. 
Oocystcoenue u 3akiroyuenua. IloyaeHHble pe3yibTaTbl MOTryT ObITb HCIOUb30BaHbI JIA MOBbIMICHHA TOUHOCTH 
pHOopa Cc MOMOLMIbIO arOpuTMa aHasIMTH4YeCKOM KOMIMeHCalMuM TOrpeliHocTH Tupockona UW MeTOAHKU 
UACHTUMUKAaLMU MapaMeTpOB MaTeMaTHYeCKOH MOI eI. 


Knrouessie cioea: rupockomn R-R-tTuna, mpeleccua rupockoma, oOlleHKa morpeliHocTH rupockoma, 
MUKpOMexaHhyecKH THPOCKON, CBOOOHbIe KOeOaHHuA. 


Alia =wuumupoeanua: Viccneyqopannue cBOOOHBIX KOeOaHHH MMKpOMexaHHyecKoro TrupocKola Cc y4eTOM 
HeEOPTOrOHAaJIbHOCTH OceH TopcuoHoB / M. P. Caiimynaes, VW. B. Mepxypses, A. B. Conoppés, A. H. Tapacos // 
Advanced Engineering Research. — 2021. — T. 21, Ne 3. — C. 231-238. https://doi.org/10.23947/2687-1653-2021-21- 
3-23 1-238 
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Study on free oscillations of a micromechanical gyroscope taking into account 
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Introduction. The paper is devoted to the study on free oscillations of the sensing element of a micromechanical R-R- 
type gyroscope of frame construction developed by the Kuznetsov Research Institute of Applied Mechanics, taking into 
account the nonorthogonality of the torsion axes. The influence of the instrumental manufacturing error on the accuracy 
of a gyroscope on a movable base in the case of free oscillations is studied. The work objective was to improve the 
device accuracy through developing a mathematical model of an R-R type micromechanical gyroscope, taking into 
account the nonorthogonality of the torsion axes, and to study the influence of this error on the device accuracy. The 
urgency of the problem of increasing the accuracy of micromechanical gyroscopes is associated with improving the 
accuracy of inertial navigation systems based on micromechanical sensors. 

Materials and Methods. A new mathematical model that describes the gyroscope dynamics, taking into account the 
instrumental error of manufacturing the device, and a formula for estimating the error of a gyroscope, are proposed. The 
dependences of the state variables obtained from the results of modeling and on the basis of the experiment are 
presented. Methods of theoretical mechanics and asymptotic methods, including the Lagrange formalism and the 
Krylov-Bogolyubov averaging method, were used in the research. 

Results. A new mathematical model of the gyroscope dynamics, taking into account the nonorthogonality of the torsion 
axes, is developed. The solution to the equations of small oscillations of the gyroscope sensing element and the estimate 
of the precession angle for the case of a movable base are obtained. A comparative analysis of the developed model and 
the experimental data obtained in the case of free oscillations of the gyroscope sensing element with a fixed base is 
carried out. The analysis has confirmed the adequacy of the constructed mathematical model. Analytical expressions are 
formed. They demonstrate the fact that the nonorthogonality of the torsion axes causes a cross-influence of the 
amplitudes of the primary vibrations on the amplitudes of the secondary vibrations of the sensing element, and the 
appearance of an additional error in the angular velocity readings when the gyroscope is operating in free mode. 
Discussion and Conclusions. The results obtained can be used to improve the device accuracy using the algorithm for 
analytical compensation of the gyroscope error and the method for identifying the mathematical model parameters. 


Keywords: gyroscope R-R type, gyro precession, gyro error estimation, micromechanical gyroscope, free oscillations. 
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Bpeyenne. Pa3spad0oTka BbICOKOTOUHBIX MUKPOMeXaHH4eCKHX UHepIMasIbHbIX JaTYHKOB, B TOM 4YHCuJIe 
MUKpoMexaHiyeckhx rupocKorosB (MMI), 1pHMeHseMBIX JIA pelleHHA 3ajjad HAaBMTalMu UW yupaBsIeHHA BYXKeHHeM 
NeTaTeJIbHBIX allmapaTOB HW MOOMJIbHbIX POOOTOB, ABIIACTCA aAKTYyaJIbHOM 3ayjayeHi mpuoOopoctpoenna [1]. K 
OcTOHHCTBaM MMI oTHocatTca Masible Macca HM pa3Mepbl, a TaK2xKe HH3Kad CTOMMOCTb 0 CpaBHeHHFO C TMpocKonaMH, 
OCHOBaHHBIMH Ha Jpyrux du3v4eckux NpMHWMNax. OWHakO K riaBHbIM HeyOcTaTKamM MMI oTHocsaTca H3MeCHYMBOCTB 
erO MeTPOJIOrHM4eCKHX XapaKTepHCTHK HU HH3Kad TOUHOCTbh W3MepeHHH MapaMeTpoOB yIrIOBOrO JBYMXKeCHUA OObeKTA 
(yrm0BOH ckopocTu u yria noBopota). II[pununn yHKWMOHMpOBaHHA BHOpalMOHHbIX THPOCKONOB OCHOBaH Ha 
CBOHMCTBe MasTHHKa DyKO COXpaHAThb MIOCKOCTb MaJIbIX KOJICOaHH HEMOTBMWKHOM B MHeEpUMasIbHOM poctpauctse [2]. 

OcHoBbI TeOpuu rupockonoB KIacca OOOOMIeEHHOrO MasTHHKa Dyko, K 4YMCIY KOTOPBIX OTHOCATCA HU MMI, 
W31I0%KeHbI padotax [2-5]. B Hux OMMCaHbI pa3IM4YHbIe KOHCTPyKTMBHbIe CXeMbI TocTpoeHuq MMI’, uccseqoBaHo 
BJIMAHHe WHCTPYMCHTAaJIbHbIX TMOrpeliHOCTeH W3rOTOBIICHHA WU V3MCHAIOMIMXCA YyCOBMM yHKIMOHUpOBaHHA Ha 
muMuamuKky rupockona. IIpuninmuastbHOU OCOOCHHOCTHIO FHPOCKONOB Kjlacca OOOOMICHHOrO MadATHHKa DykKO ABIIAeCTCA 
HeJIMHEHHOCTb, OOYCJIOBJICHHadA KOHCYHbIMH KOJICOAHHAMUM UYBCTBUTCJIbHBIX 9JIeEMeHTOB (49) usm du3snyeckor 
HeJIMHeCHHOCTbIO, CBA3AHHOM C OCOOCHHOCTAMH CHCTeMBI yiipaBJIeHHA KOJeOaHHaAMn [2-6]. 

UccneqoBaHua, MOCBAIICHHbIe JWHaMUKe UW KOHCTpyuHpoBaHu1o MMI, Opin onyOuuKoOBaHbI U B padoTax 
3apyOe@xKHbIX aBTOpoB [6-8]. Tak, Hallpumep, B nyOmuKauuax [6,8] tonyaeHa dopmMysa IA OWeCHKH YXOJIOB 
rupockona, OCHOBaHHad Ha UCHOIb30BaHHN paspadoTaHHOM MaTeMaTHYeCKON MOJeIM JBMXKeCHUA, KOTOPad OMMCbIBaeT 
MeJWICHHOe H3MCHEHHeE TOPOMasIbHbIX KOOpAMHAT KOeOaHHH UD. B padotax [0,7] oOcyxatoTca BOTpOcbI 
w3roToBeHua MMI u ananM3upyloTca ypaBHeHua ero MaJIbIxX KOJIeOaHHu. B cratTbe [0] cocTaBlatoTca ypaBHeHua 
mpwxKkenua MMI c yruospprm (R-R-Tuna) u muHewtHbIM (L-L-TuMa) OCIMIIATOpHbIMM BUaMH yBwKeHuA WD. B 
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yka3aHHOW CTaTbe MpOBOJUTCA CpaBHUTeIbHbIM aHaIM3 JJMHAMUMKU TakKuX MpvOOpoB B paMKax JIMHeMHBIX MOJeen U 
aHbI peKOMeHaluu m0 BbIOOpy MapametpoB MMI, ucxoaa v3 YyCNOBHH MOBbIMIeCHHA UYBCTBUTeCJIbHOCTH U 
oOecrieyeHua TpeOyeMOl MOOCHI MpolycKaHHuA, a TakxKe TpeOOBaHHH K JIMHEMHOCTH MaciUTaOHoro KOIpulneHTa. 

IIpu mpoextupopanuu MMI pa3spa0oTunkn CTpeMATCA HCHOb30BaTb ABJICGHHe BHYTPeCHHero pe30HaHca B 
CHCTeMe, OOYCJIOBJICHHOe COBMEIIICEHHeM COOCTBeHHBIX 4acTOT KOIeOaHHH UD [3,4]. Ognako B pabdotax [0, 7] 
OTMe4aeTCA, YTO MOMPeMIHOCTH TEXHOJIOIMM W3rOTOBJICHHA, HEM3BECTHbIe U HeIIpeACKa3yeMble OTKIIOHCHHA JJIEMCHTOB 
KOHCTPYKIMH OT MPOeCKTHBIX MOMOKCHUH NPUBOAT K JOMOJHUTeCIBHbIM MOrpelliIHOCTAM B H3MepeHHAX pnOopa. 

JI4 MOBbIMIeCHHA TOUHOCTH H3MepeHuaA yrOBOH cKopoctu MMI noctaBsieHa lesb: HCCAeOBaTb CBOOOJHBIC 
koeOaHua (pH oTcyTcTBHH yipaBieHua) UI MMI R-R-tTuna c yuerom 9oddekToB, BO3HUKAaIOWIMX 3-3a 
HCOPTOrOHAaJIBHOCTH OCeH TOPCHOHOB. IDTOT edekT MOABIIACTCA B BUY HECOBEPIICHCTBa TEXHOJIOrMH U3rOTOBJICHHA 
mpHOopa. Crapatca 3ana4H pa3pa0oTKH HOBOM MaTeMaTHYecKOM MOemM yuHamMuKH MMI c_ yuyeTom 
HCOPpTOrOHaJIbHOCTH Ocei TOPCHOHOB, OI[eCHKH yxOa mpHOopa U OMMCaHHA BIIMAHHA HEOPTOTOHAJIbHOCTU Ocel 
TOPCHOHOB Ha AMHamMUuKy WD MMI. 

Matepnasbi 4 MeTO,bI. PaccMaTpnBaeTcaA MOebHad KOHCTpykiMa BuOpamMoHHoro MMI R-R-tnuna — 
KOHCTPpyKIMA C TPOMe%KYTOYUHOH paMKO B COOTBeETCTBHN C KlaccuduKalMei u3 ucTouHuka [3]. KuHemaTuyeckaa 
cxemMa rupockona (puc. |) peamm30BaHa B Bue JBYXCTeMeHHOro KapyaHHoro noyBeca WD. 





Puc. 1. KonctpykTuBHasa cxema mpuoopa: | — ocHoBaHne (Koprtyc); 2 — npoMexkyTouHasd (BHeIIHAA) pamka; 3 — 4yBCTBUTeJIbHBIN 
9JIEMEHT, COCTOAMIMM 13 COanaHCHpOBaHHONW WJlaCTHHbI MW MHeEPUMOHHOH Macchi; 4 — TOPCHOHBI 


Jina onucanua momoxeHua UD BBeqeM CHCTeMbI KOOpAMHAT (pu. 2), CBA3AHHbIX: C KOPITycoM mpHoopa — 
OXYZ ; c BHelIHeM pamKow yupyroro noyBeca — Ox,y,z,; ¢ COalaHcCupoBaHHOH WiacTHHOn — Oxyz. IIpuuem OZ 
ABJIACTCA OCbIO UYBCTBUTeJIBHOCTH TupocKona, a cucTeMa KOOpyMHaT Ox,y,Z, OTIMGAeTCA OT CHCTeMBI OX, y,Z, 


IIOBOPOTOM Ha NOCTOAHHBIM yrOJI HCOPTOPOHaJIBHOCTH BCCX TOPCHOHOB. B TIpeTCTaBJICHHbBIX CHCTCMax HaudaJIo 
KOOPHHHAT COOTBCTCTBYCT TOUKE Ow HaxXOJHTCA B TCOMCTPHUCCKOM HCHTpe cOaslaHCHpoBaHHon IWlaCTMHBI. 





Z1,Z2 
ah 
\ Bens 
ral 
\ a Y2,Y - 
coe 
er Ie: LY 


Jig x 


Puc. 2. CucTremMbl KoopyMHatT 
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B cucteme Ox,),Z, 34a0MM OCeBbIC MOMECHTbI HHEPIMH MpOMexKYTOUHON paMKH J/},, Jj,, J1,, a B CHCTeMe 
Oxyz — OceBbIe MOMeHTHI HHepunu 4D J>,, Jr, J2,. OTMETUM, ITO B JaHHOK paOoTe OCH CHCTeM KOOpyMHAaT Ox,),Z, 
Oxyz CU4MTaFOTCA PIaBHbIMM WeCHTpasIbHbIMM OCAMM MHEPIMH IpOMexXYTOUHOU paMKH UW UD COOTBeTCTBEHHO. 


IIpu MojenupopaHnu 7BYxKeHuA UD TpwuHuMaetca AOMyIleHve, YTO KOHCTPyKI[MA TOPCHOHOB OOecne4yMBaeT 
OeCKOHeCYHY!O 2KeCTKOCTH Ha u3rHno. IlonoxeHue UD oTHOCHTesIbHO OcHOBaHHA MMI onniiem ByMa OOOOLIeCHHbIMH 
KOOpaHHaTaMu — yriamMu @ UU f, a TaKXKe MaJIbIM MOCTOAHHBIM YIJIOM O , XAPAKTeCPH3YIOWIMM HCOPTOrOHAaIIbHOCTh 


oceH TopcwoHoB (puc. 2). B3aumMHoe paciriosoxKeHHe CHCTeM KOOPAMHAT OlpeyesAeTCA MOCIIEOBaTeJIbBHOCTBIO 
9JIEMCHTAapHBIX MOBOPOTOB: 
a 6 B 
OXYZ ——> OXY, 2, > OX, V925 A : 
1 2 
rye NOD KaxkKOU CTpeIKOM yKa3bIBaeTCA OCb, BOKPyr KOTOPOM MpOUCXOAUT NOBOPOT MpPOTHB XOJja YacOBON CTpeJIKH Ha 


yrOJl, YKa3aHHbIN Ha] COOTBETCTBYIOIIeM CTPeIKON. 
CocTaBuM ypaBHeHua uHamuKH UD MMI B dopme ypaBHeunit Jlarpanxa 2-ro poya [9, 10]: 


dal) a __ eb d/al\ a __ a 
dt\da) 0a da adt\ap) BB ap’ 


rye L=T—J7 — dyuxuna Jlarpanxa; Tu J] — kuneTuyeckasd UW NOTeCHIMasbHad JHCPrun CHCTeEMbI COOTBETCTBEHHO; 


(1) 


@ — jMccunaTHBHad PYHKIUMA, XapakTepu3yrollad MOTepH Ha BHYTpeHHee TpeHuve. BelpaxkeHua WIA 9TUX BeJIMYMH 
MMEIOT BHI: 
T= (5,02 +J,,02 +J,,02)+—(J,,4? +(J,, sin? a +J,, cos? a) Q? 
— 2,0, tJ,,0, + J,,Q; 5 it 1, sin” a+J,, cos” a ; 
(2) 
1, .. lig l . 1 » 
O = rg ris , i= oe TS oe f 
rye d,, d, — KoopuMeHTEI TpeHUA; c,, Cz, — KOIPPUMMeHTHI *KCCTKOCTH TOPCHOHOB. 
BsipaxkeHHaA [IA MIpOeCKIHH ,, O,, O, YPIOBOM CkopocTu 4D Ha NOABMKHBIe OCH X, y, Z HMCIOT BH: 
wo. =acosBcosd—-QcosasinB+QsinacosPsino, 
o, =B+Qsinacoso—asino, (3) 


o, =asinBcosd +QcosacosB+QsinasinBsin o. 
YuUTHIBAA MaJIOCTb yrI0B @ , B U O , TPHTOHOMeTpHYeckue (PyYHKIMU B BbIPAKeHUAX (2) u (3) OT yKa3AaHHBIX 


YIJIOB MOXKHO 3€MCHUTb UX pa3IOXKeCHHAMU B pA Terttiiopa, orpaHW4nBIIMcbh CjlaraeMbIMH JO TepBoro TWopsyKa 
ManocTH. Tora WOuyauM ypaBHeHHa MalJIbIX KOIeOaHHH W3 ypaBHeHui BMwKeHuA (1), 3amucaHHbIX C y4eTOM 
BbIpaxKeHUH (2) u (3). 

Ucnonb3ya dopmMasu3m Jlarpanxa [9] B ciayaae MOCTOAHHOM YyrIOBOM CKOpOCTH OCHOBaHHA, MOuyIaem 
ypaBHeHua MalIbIx KoueOaHni UD, 3amucaHHble C TOUHOCThIO JO CJlaraeMbIxX MepBOrO MOpsAKa MasIOCTH B BH: 


oe 2 os 4 OD . Ii ry rn 2Q F . Or 5 ee 
A+o00a = j, OB-—a+— op, B+o,B =—j,Qa-—B+ da, (4) 
QO, J 0; 
Tye BBeJICHbI Cllexyromulve OOO3HaYeHHA (AHAJIOFM4HO TOMY, Kak 3TO BbITMOIHEHO B CTatTbe [11 ]): 





- J 5. ated aes ea - J 5. td 3 —J), Cy 
a veo i a cam | ae a 
1x + 2x 2y 1x ss 2x 
j= Be Q'= a. Q,| = 4 
B 9 a 9 B : 
Jin @, (J, +J2,) Wg 5; 
3eCcb ae Is —= Oe3pa3MepHBIe MOMCHTB5I YHCpunu yilpyroro TOTBeCCa, QO, > Op Yu C.. QO, _—— COOCTBeHHBIe YaCTOTbI 


KoeOaHHii U WOOpOTHOCTH 10 yruiaM @ , Bh COOTBETCTBeCHHO. 

IIpu BpIBOae ypaBHeHui KosIeOaHHH (4) yruoBad CKOpocTb kKopiyca rupockona 2 cuntTanach Mason 
OTHOCHTEJIBHO COOCTBEHHOM YaCTOTHI @, , T.€. IQ <<@,, aTakKxKe yrol O Mosarasica Mason BeIM4MHOH, T. e. 0 <<1. 
OTMeTUM, 4TO B ypaBHeHHAx (4) OTOPOLIeHBI CilaraeMbie, OOYCJIOBJICHHbIe HaIM4HeM TeOMeTPHYeCKON HeIMHeEHHOCTU 


MMT. Bimsanue HesMHeMHOCcTH reoMeTpuu 7ZBYKeHHA UD Ha WuHamuKy MMT R-R-tTuna onucaHo B MoHOrpadun [5]. 
IIpuHuMaa BO BHHMaHHve, YTO TpaBble yacTH ypaBHeHu (4) ABJIAIOTCA MaJIbIMH BO3MYII[CHHAMH, T. e€. 


ae 2 2: 2 
&+o,a=O(€), To c¢ TOUHOCTHIO AO ciaraeMbIxX HepBoro MopayKa MaJIOCTH MOX%KHO 3anucaTh: &=—-w,a+O/(e). 


TakuM o0pa30M, 3 WpaBoli YacTU ypaBHeHHH (4) UCKIIOUAIOTCA BTOPbIe IPOW3BOJHbIe YIIOB A UB. 
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PaccMoTpuM culy4¥ali W30TPOMHOTO yupyroro WoBeca, T. €. paBeHCTBa COOCTBeHHBIX YacTOT KOIeOaHHi U 
PaBHBIxX JOOpoTHocTei: 


WO, — Wz -—W, 0, =9, =Q2, 
rye @, — XapaKTepHoe 3HayeHHe COOCTBEHHOM 4aCTOTEI KOeOaHuH; O — xapakTepHoe 3HayeHHe JOOpOTHOCTH. 
OtTMeTuM, 4TO Ciyyal HasMuud pasHOOOpoTHCTH (Q, # O, ) WU Maloun pa3HOuacTOTHOCTH (a, x Op ) Ip 


HccleqOBaHHuM CBOOOHbIX KONeOaHuH UD MMI paccmotpeuH B ctatse [11]. [pu BBeqeHHbIx OOO3HadeHHAX U 
IIPHHATHIX JLOMYICHHAX 3allMIleM ypaBHeHHuA JBMKeHUuA UD c TOUHOCTHIO JO CaraeMbIxX WepBOro NOpAAKa MaJIOCTH B 
Oe3pa3MepHoOM Bie: 


G+0,a = J, OB - O'o,a-2 -— L 5028, 
Jy (5) 
B+o8 =—j,Q24-O'w,B-Sooa. 

OTMeTuM, 4YTO CHcTeMa ypaBHeHnii (5) NpHBOUTCA K CTaHJapTHOU MopMe 3allMcu peryIAPHO BO3MYICHHOM 
CHCTeMbI JMdPepeHuMaIbHBIX ypaBHeHui Cc OHOM ObICTpOM yrmoBow MepemeHHoH [12,14]. OnHnum 13 
pactipocTpaHeHHbIX CHOCOOOB HaxOXxKJeCHHA pellleHHA PeryAPHO BO3MYIIICHHbIX CHCTeCM ABJIACTCA UCIIOb30BaHHe 
ACMMIITOTHYeECKHX METOJOB pa3yeleHua WBuxKeHUuH [12-15]. 

PemeHue HeIMHeMHBIX ypaBHeHuw (5) WOuyIMM C TOMOIIbIO MeTOAMKH OcpeyHeHua Kpsiiopa — 
BoromroOosa [13], a B KayecTBe MeJVJICHHO MCHAFOIIMXCA MepeCMeHHbIX OyJIeM HCIIOUb30BaTb TepeMeHHbIle BaH-yep- 
Hoa [12] pi, 91, Pr, 2: 

a = p,sin(@t)+¢,cos(@t),  G&=@)p,cos(@t)—@,¢q, sin(a,¢), 
B = p,sin(@t)+¢, cos(@t),  B=,p,cos(@t)—,g, sin(@,¢). 


C MOMOIbIO Tpowenaypbl ocpeqHeHua [14,15] no aBHO BxOAIIeMy BPeMeHH, MONy4aem OCcpeyHeEHHYy!O 
cuctemy JuddepeHiMasbHbIx ypaBHeHHH, pa3pelICHHy!O OTHOCHTeJIbHO MPOW3BOHBIX MCJIICHHbIX TlepeCMeHHbIx BaH- 











nep-llona: 
i ees J, Q j,0 ; oo J, j,0 
pi=--O'p,+2 -—9¢,, q=--O ‘ats q,+——p,, 
2 2M, 2J5 yi Dy 25 (6) 
’ —] f,Q O ’ —1 5 O 
a _ == Gi, a _ +—p,. 
P> 5¥ D> 20a, D 54 q) 5¥ q) 7m 5 


UItpuxom B ypaBHeHuax (6) O6o3HaYdeHO ZuddepeHyMpoBaHHe M10 OespasMepHOMYy BpeMeHH T= pt. 


TlosyueHHasd MOjeb B BUe JIMHeHHbIX TudMepeHUMasbHbIX ypaBHeHUt OMUCHIBaeT CBOOOHbIe KOeOaHHA 
YD rupockona Ha NOABMKHOM OCHOBaHHH. PemteHve CHCTeMbI ypaBHeHHH (6) MOXKHO 3allMcaTb B BUJe: 


p,(t) = exp - Pro cos lv? +7?r) + A (Pa) sin J? +7 °r| , 
J2 VV +7 


q, (7) = exp -5] oie cos (fv? +777) + | War] 


(7) 
p,(t) = exp 5) Pop cos( vty WV +7r]- [i Cotte sin rare) 
20 vty 
q, (tT) = exp -5 I cos Ve+y W+7r]- je (du =7P.o)sin( JF +7°r| 
20 (+r 
THE Pry =P; (9), Po = Pr (9), Go = 9, (0), dy =, (0) — HatanbHBIe ycroBua; Oe3spa3MepHad yroBat CKOpOcTb 


OCHOBaHHA IpHOopa vad Fi j,2/(20,); apaMetp, XapaKkTepv3yIOWlMH HeOPTOrOHaIbHOCTb OCcel TOPCHOHOB 


v= Vi5/(2i:). 


Bropbie cilaraeMble B (opMysiax (7) XapakTepH3yIOT TepeKpecTHOe BIIMAHHe TepBUYHbIX KOJIeOaHHH Ha 
BTOPHYHbIe KOeOaHHA HM HaodopoT. OTMeTHM, 4TO B CiIydae OPTOFOHaIbHbIX OCeH TOpCHOHOB, Korya yv=O0, 


perenne (7) coBlayjaeT c pe3yibTaTamu paodorTsi [5]. 

Ilosy4eHHble aHasIMTu4ecKHe pellileHna (7) ypaBHeHHi KOIeOaHHi MpeCTaBsIAIOT MHTepec Id paspadoTKu 
MeCTOJMK UCHTUMUKAINU NapaMeTpos, a Tak2%Ke IIpOrHO3HpOBaHuA yxOJla rupockora UW ero yueTa TPH UCHOIb30BaHHH 
MECTOJUKUM asIrOpHTMH4eCKON KOMIeHCalMM MOrpellHocTew. 
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Pe3ybTaTbI UccIeOBaHHA. JIA Bau zalMU paspadoTaHHOW MOJesIM CpaBHUM pe3yJIbTAaTbI MOeMpoOBaHHUA, 
BbIYHCJICHHbIe 10 MopMyaM (7), C 9KCHePMMeCHTAaJIbHbIMH aHHbIMH. M3mMepuTesbHad UHDopMalluA WouyueHa c 
MIOMOIIbIO CHCTeMbI HaOsOeHHA. B KayecTBe H3MepHTebHON HHMOPMAIIMU BICKTPOCTaTHYeCKUX JaTYMKOB HMeeM 
mepemenHuble Ban-yep-Iloma p1, g1, Pr, 92. 

B 9KciepHMeHTe HCHOIb30BaH OOpa3ell MpHOopa co cJIeAyIOMIMMU TapaMeTpaMu MaTeMaTHYeCKON MOeIU 


Ip HeMOABWHKHOM oOcHoBaHuN (V =0):0=3856, j,=j,=1, y=0,2-10°, B Ka4yecTBe HayaNbHBIX ycNOBHi WIA 
TlepeMeHHbIX Bau-yep-Ilosa BbiOpaHbl 3HadeHHA PpaBHble W3MePpeCHHAM B HayasIbHbIM MOMCHT BPeMeHH: 
Py) =13,467-10°, 9g, =20,429-:10°, p, =0,787-10°, g,, =1,172-10°*. 
3HayeHHe apaMetTpa Y COOTBeTCTBYeT yIsIy HeOPTOrOHasIbHOCTH OceH TopcHOHOB © paBHOrO OHOM 


yrioBoii cexyHae. Mpapuueckoe mpescTaBseHHe 3aBMcuMocTeii HepemMeHHBIX Bau-nep-Hona p,(t), 9,(7), p,(7), 


q> (z) MeJJICHHO MCHAFOIIUXCA C TeYeHHeM Oe3pa3MepHOro BpeMeHH, MpHBeeHO Ha pucyHkKe 3. 


pi:10° p210° 


0,8 | 
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Puc. 3. 3aBucuMocTH TWepeMeHHbIX Ban-yep-Ilona: | — pe3ybraTbI MojjeMpoBaHusA; 2 — 9KCIICPHMCHTAJIbHbIe JAHHbIe 


Tpaduxu (pic. 3) eMOHCTpupyrloT 3HaYMTeIbHOe COBMaeHHe 3aBHCHMOCTeH WIA MepeMeHHbIX P,, >, 


TMOJIYACHHBIX HO pesyJIbTaTaM MOJICJIMPOBaHHA, C IKCIICDUMCHT@AJIBHbIMM JIAHHbIMH. 3aBHCHMOCTH ASIA WeCPpCMCHHbIx 


Pio G,, UOJTYACHHBIC NO PpesyJIbTaTaM MOJCJIMNPOBAaHHA, KaYeCTBCHHO COrsIaCyFOTCA C HWaHHbIMH IKCIICDHMCHTa, a 


HaOsOWaeMbile HeOOJIbIIMe KOJIM4CCTBCHHbIC OTKJIOHCHHA MOLyT ObITb OOYCIIOBJICHbI HeJIMHeMHbIMH 9@deKTaMH, 
TaKHMH Kak HeJIMHeEMHOCTb reoMeTpnu WBuxKeHUA UD [5], un ABIeHHAMM Pa3sHONOOPOTHOCTH, pa3HOUaCTOTHOCTH U 
TIOFpelIHOCTBIO CMelIeHHA WMHepmMOHHOM Maccbi [11]. PaccmotpeHue HemMHeMHBbIX 93eKTOB, BIIMAKOUIMX Ha 
muHamuky MMI, npu nocrpoeHuu MaTeMaTHMYecKHxX MOjenew KoNeOaHHit UO ysBewmunBaeT TOUHOCTb 
MUKPOMeXaHH4deCKHX JaTUMKOB B COCTaBe MHEPUMaJIbHbIX HABMTal[MOHHBIX CHCTeM [2]. 

Yxoy_ rupockona 4W3-3a HesMHeMHbIX 93ddeKTOB U IpPyruxX MWMHCTPyMeHTAaJIbHbIX OrpeliHocteH OyemM 
OI[CHHBAaTb C MOMOIIbIO BCIOMOraTesbHOTO PyHKUMOHaTa J [5, 6, 8]: 


pa 2N Aiba (Nida + Pr) 
ila +p )-A(atp) 


KOTOPbIM CBA3aH C yrIOM @ Yepe3 COOTHOMIeHHe: 


(8) 


O= = arctan (/) 


IIpuuem 3TOT TapamMeTp MponoplMoHaeH MHTerpally OT yrIOBOM CKOpOcTH: 
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C nOoMOobIO PopMysbI (8), YAHTbIBad pellieHue (7), MOXKHO OICHHBaTb yxOJ, TUpocKona, CBA3aHHBIM C 


O= IEE face )ar, 
0 


HEOPTOTOHAJIbHOCTBIO OCeH TOPCHOHOB, BO3SHHKIMeH 3-38 HECOBepIeHCTBa TexXHOJIOrMM w3roTOBeHUuA. Ha puc. 4. 
IpeAcTaBJIeHbI 3aBUCHMOcTH PyHKWMOHaa J OT Oe3pa3MepHOro BPeMeHH MO pe3yIbTaTaM 9KCIIepUMeHTa U pacyeta 


10 (bopmysie (8). 
I 
0,120 - 
0,118 + 


0,116 


| ] 
0,114 sila 4 
0,112 | | 


0,110 
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Puc. 4. 3aBucumoctTb dyHKuMoHana [ (z) : | — pe3ymbTaTbI MOJeMpoBaHuaA; 2 — IKCIICPHMCHTAJIbHbIe JAHHBIC 


BM30CTb OWeCHKH yxoyla (puc. 4) w TepemMeHHbIxX Ban-yep-Ilona (puc. 3), MOosyYeHHbIX aHaJIMTH4eCKH, C 
IKCHCPHMCHTAIbHBIMM JAHHBIMM XapaKTePH3YIOT XOPOILLy!O TOUHOCTb MOCTPOCHHOM MOJeIM, OCOOCHHO eCIIM y4ecTb 
TOT (akT, 4TO B Hel peHeOperanucb HeNMHeMHbie IPdeKTHI, a TakKKe ABJICHHA pa3HOYACTOTHOCTH UH 
pa3sHoyoOpoTHocTnH. HecmMoTpax Ha yka3aHHble peHeOpexkeHHaA, MOj[eIb MO3BOJIACT MOCTPOHTbh MeTOAMKU 
WACHTUMUKAalMH TapaMeTpOB, C TOMOIIbIO KOTOPbIX MO%XHO YTOYHHTb 3aBHCHMOCTH, MOJIyYYeHHbIe pu 
MoyleIMpoBaHnu. IIpumMeHeHue MeTOAHK UAeHTHUKalWMH WapaMeTpOB MaTeMaTH4eCKOH MOyeM puBeyeT K 
NOBbIMeHHIO TOUHOcTH MMI B pexuMe BBIHYKCHHBIX KOJICOAaHHH, KOTOPBIN ABIAeTCA paOOuHM pe?xKHMOM 
TMPOCKONOB. 

OOdcy2*xeHHe HW 3akKIO4eHHA. [locrpoeHa HoBaxd MaTemaTuueckaad MoyeIb MMI R-R-tTuna aia pexuma 
CBOOOHBIX KOeOaHHH 4D. B MogemM yauTHIBAaeTCA HEOPTOFOHAJIbHOCThb OCeM TOPCHOHOB, BO3HUKaroOllad B CIe]CTBHe 
TEXHOJIOFHYeECKOH HeEBO3MOXKHOCTH OOeCHCYNTh BbICOKYIO TOUHOCTbh H3roTOBeHHA mpHuoopa. Ilomyyena opmysa 
OL[CHKH yrsla TpelleccHu Tip MOABWKHOM OCHOBaHHN TpHoopa. IlocpeyzcTBOM cpaBHeHHA pe3yJIbTaTOB MOJeIMpOBaHHA 
C JaHHbIMM IKCMepMMeHTa NpoBeeHa BasINAalluA MaTeMaTHYecKoN MoZemM MMI. Iloxa3aHo, uro HeOpTOroHaIbHOCTh 
Ocei TOPCHOHOB MpUBOMT K MepeKpecTHOMY BJIMAHHIO MepBHYHbIX KOeOaHui Ha BEJIMYMHY BTOPHYHHIX KoOeOaHni U 
HaoOopoT. Pe3yibTaTbI paOoTbI MOryT ObITb UCIOIb30BaHbI B AITOPHTMe aHaIMTHYeCKON KOMIICHCalMu NOrpelliHocTu 
rMpockona C WesIbIO NOBbIMeHHA TOUHOCTH MMI’. 
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JlevcTBHe BepTHKaJIbHON CHJIbI, [BHOKYUeHCA 10 IpOH3BOJIBHOMY 3aKOHY, 


Ha OecKOHe4HYy!O NaacTHHy 





A. B. Tana6ypann @® DX] 
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Beedenue. PaccmMatpwpaetca MeTO pellleHuA 3aa4uu O JeCMCTBHM BePTHKaJIbBHOM CHJIbI, JBYKyIelcaA 10 
IIPOW3BOJIbBHOMY 3aKOHY, Ha OecKOHeYHy!O TslacTuHy. JlaHHbIi MeTOX UW MOMYYeHHbIC pe3yIbTaTbl MOTyT 
YMCIOJIb3OBaTbCA TIP W3yYYeCHHN JCMCTBHA NOABYXKHOM Harpy3KH Ha pa3sIM4HbIe KOHCTPyKIUHMH. 

Mamepuazsoi u memoooi. Pa3pa0oTaH OpurvHasIbHbIM MeTO] pellleHHa 3aya4 O WeHcTBUM Ha OeCKOHeYHY!O MacTuHy, 
ylexKalltylO Ha yMpyrOM OCHOBaHHH, BepTHKaJIbBHOM CHIJIbI, JBMKYIIeCHCA MpOM3BOJIbHO TO He3aMKHYTOM KpWBOU 
IpOu3BOJbHOK dopmpl. Jia 9TOrO UCMOUb3yeTCA (PYHTaMeHTaIbHOe pellleHve AudepeHiuMasbHoro ypaBHeHuA 
JMHaMUKH IacTHHBI, JIexKallew Ha yIpyroM OCHOBaHMH. CuntTaetca, 4TO JBYWOKEHVe CHJIbI HAIMHACTCA B JOCTAaTOUHO 
yasICeHHbId MOMeHT BpeMeHH. IlosTOMy HaualIbHbIe yCNOBMA B TaKOM MOCTaHOBKe 3ama4uH OTCyTcTBytOT. IIpu 
olpezeneHuu (yHAaMeHTaIbHOTO pellieCHHA BbINOJHAeTCA peoOpa3soBaHve WDypbe 0 BpemeHuH. IIpu oOpanjenuu 
lIpeoOpa30BaHua Dypbe u300paxeHne packsaqbIBaeTcaA 10 WapaMeTpy WpeoOpa30BaHuA B PAZ, 10 NOJMHOMaM DpMuta. 
Pe3yibmamol ucciedoeanua. IipeyctaBiieHo pellieHve 3aa4H O OeCKOHeYHOM TWwacTuHe, Jlexallleid Ha yupyroM 
OCHOBaHHH, TO KOTOPOH Cc MepeMeHHOHM CKOPOCTbIO JBMXKeTCA COCpeqoTOUeHHad cwia. B KayecTBe TpaecKTOpUuH 
paccMaTpHBaslacb rylayKad He3aMKHyTad KpMBad, COCTOAMAA H3 MPAMBIX HW Ayr OKpyxKHOcTeH. U3yyaetca NopeqeHue 
KOMIIOHeEHT BeKTOpa TlepeMeleCHHH UM TeH30pa HalipsxKeHHM B MeCTe paCcHONO*KeHHA ABYOKYMIeCMCA CHJIbI, a TakxKe 
IIpolecc paciiIpocTpaHeHHA IHEPrHU BOJIH, AIA YeErO paccMaTpHBaeTCA H3MeCHEHHE BEKTOPA MJIOTHOCTH MOTOKa 9HEprMu 
Ymosa-IlouutTunra. Uccieqyetca BiMaAHHe Ha IepeMeleHHA, Hallps»KeHHA UM pacipocTpaHeHHe yIIpyrMx BOJIH 
CKOpocTH UM yCKOpeHua epemenleHua cusbl. VM3yayaetca BiauaAHHe (OPMbI TpaeKTOPHH JIBMXKCHHA CHJIbI Ha 
Halps2KCHHO-eMPOPpMUpOBaHHoOe COCTOAHHEe TacTHHbI MW Ha XapakTep paciipocTpaHeHna yupyrux BOIH. Pe3yIbTaTHl 
CBHJICTEJIBCTBYIOT O TOM, 4YTO MeCTOA WOCTAaTOUHO yCTOHMYMB B IWMpOKHX Mpeyesax H3MeCHeCHHA CKOPOCTH JBMKeHHA 
CVMUIBI. 

Oocyscoenue u 3aknriouenua. IIpoBeyeHHble pacueTbI WOKa3aIH, YTO HanOosIee CyIIeCCTBCHHbIM (aKTOPOM, BJIMAIOLWLUM 
Ha Hallps»%KeHHO-ed@OpMUpOBaHHble COCTOAHHA JlaCTHHbI HW Ha paciipoctpaHeHue 9HeEpruu yIIpyrux BOIIH BOM3H 
COCpeJJOTOUCHHOM CHJIbI, ABJIACTCA CKOPOCTb ee JBUXxKeHHA. JlaHHble pe3yiIbTaTb! OyAyT NoOwe3HbI pH w3y4yeHuu 


JMHAaMMYeCKHX MpOeccoB, MOPOx*KTaeMbIX NOABYKHOM Harpy3KOUn. 


Kyioyveevle cioea: OecKoHeyHad TwlacTHHa, JBMKylaicd Harpy3Ka, MpOW3BOIbHad He3aMKHyTad TpaeKTOpHa, 


II@pCMCHHawA CKOPOCTh, IHCPruaA YVUPYyrux BOJIH. 
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An infinite plate loaded with a normal force moving along a complex open trajectory 


A. V. Galaburdin (> D4 


Don State Technical University (Rostov-on-Don, Russian Federation) 


bX] Galaburdin@mail.ru 


Introduction. A method for solving the problem on the action of a normal force moving on an infinite plate according 
to an arbitrary law is considered. This method and the results obtained can be used to study the effect of a moving load 
on various structures. 

Materials and Methods. An original method for solving problems of the action of a normal force moving arbitrarily 
along a freeform open curve on an infinite plate resting on an elastic base, is developed. For this purpose, a fundamental 
solution to the differential equation of the dynamics of a plate resting on an elastic base is used. It is assumed that the 
movement of force begins at a sufficiently distant moment in time. Therefore, there are no initial conditions in this 
formulation of the problem. When determining the fundamental solution, the Fourier transform is performed in time. 
When the Fourier transform is inverted, the image is expanded in terms of the transformation parameter into a series in 
Hermite polynomials. 

Results. The solution to the problem on an infinite plate resting on an elastic base, along which a concentrated force 
moves at a variable speed, is presented. A smooth open curve, consisting of straight lines and arcs of circles, was 
considered as a trajectory. The behavior of the components of the displacement vector and the stress tensor at the 
location of the moving force is studied, as well as the process of wave energy propagation, for which the change in the 
Umov-Poynting energy flux density vector is considered. The effect of the speed and acceleration of the force 
movement on the displacements, stresses and propagation of elastic waves is investigated. The influence of the force 
trajectory shape on the stress-strain state of the plate and on the nature of the propagation of elastic waves is studied. 
The results indicate that the method is quite stable within a wide range of changes in the speed of force movement. 
Discussion and Conclusions. The calculations have shown that the most significant factor affecting the stress-strain 
states of the plate and the propagation of elastic wave energy near the concentrated force is the speed of its movement. 
These results will be useful under studying dynamic processes generated by a moving load. 


Keywords: infinite plate, moving load, arbitrary open trajectory, variable speed, energy of elastic waves. 
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Bpefenue. 3akKOHOMepHOCTH MHAaMMYeECKHX TIPOWeccOoB B TBepAbIX Cpeax, BbI3BAaHHBIX J{eCMCTBHeM 
NOABMWOKHOK Harpy3KH, pe ACTaBJIAIOT 3HAYUTeIbHbIM MHTepec, a pelICHHA NOMOOHBIX 3a7ja4 HAaXOTAT MHOTOUMCJICHHbIe 
IIpHIOKeHUA U MpeMOJararoT UCHOIb30BaHHe pasHoOoOpa3HbIxX MeTOOB. B paye paOoT WId UCKIIOUCHUA BPeCMeHH U3 
4qucila He3aBHCMMbIX TIepeMeHHBIX BBOMIACh TWOBYMXKHAaA CucCTemMa KOopyuHaT [1-2] wim paccmaTpuBaslacb 
KBa3HcTaTHuecKad MOCTaHoBKa 3ayaun [3-6]. IIpu pemienuu yka3aHHbIx 3a7ja4 WOCTaTOUHO IPPeKTHBHbIMH OKa3asIMCb 
MeTOJ, KOHCYHbIX 3JIEMeCHTOB [7], BapvamMoHHbie [8-10], a Takxe mpampie MeTogb [11-13]. B padotax [14—15] 
IIPHMeCHAJICA MCTOJ, TpaHHYHbIX MHTeCrpasIbHbIX ypaBHeHUi, a B padote [16] — MeTO, OCHOBaHHbIM Ha NpHMeHeHHH 
(YHTaMCHTAJIbHBIX PelIeCHHH COOTBETCTBYIOMUX WHddepeHMabHbIxX ypaBHeHuu. B HacTosmet padoTte 3TOT MeTO 
IIPHMeHACTCA JIA pelieHHA 3ayja4n O WevcTBUH Ha OeCKOHeYHYy!O MWIaCTHHy, JiexKalltyko Ha yMpyroM OCHOBaHUH, 
BePTHKaJIbHOH CHJIbI, JBYOKYIeHCA 10 HeE3AaMKHYTOM KPHBOM NpON3BOJIBHOM (OpMBI. 

Hocranoska 3aqaun. Crenya [17, 18], yka3anHHasd 3aa4a CBOJMTCA K pellleHHtO ypaBHeHHs: 


r P 
NU+c OU+kU =—, (1) 
D 
EH? 
rye U — npornuo nmiactuus; D = rea. E — mogynb FOura; » — Kxosdduunent Ilyaccona; H — tTomuuna 
—H 
=9 pH k 
TIaCTHHBI; C“ = —; Pp — TOTHOCTh MaTepHasia IJlacTHHEI; k= o k, — kooddulueHtT %#xecTKOCTH yupyroro 
OCHOBaHHA. 


PellleHve JaHHOro ypaBHeHHA COOTBETCTBYeT MOTOKY IHEPrun, HalpaBsICHHOMY OT HCTOUHHKOB BO30y2KJICHHA 
B OecKOHe4HOCTB. byjeM Moslaratp: 


P = O(x — X6(€))8(Y — Yo(E)). 


JlanHHas cujla WepemMellaetTca 0 He3aMKHyTOU TpaeKTOpHH Y, Hayao WH KOHEL KOTOpOH YXO]AT B OCCKOHCUHOCTBS. 
x= x(t) 


y=y(t) 


Ilapametpuyeckoe 3ayjaHve TpaeKTOpun UMeecT BUI: , re ¢ — Bpems. CuntaeTca, 4TO cCuJla HadMHaeT 


Tanaéoypoun A. B. Jeucmeue eepmukabnou cusibl, O6ustCyUeucA NO NPOUZ6OIbHOMY 3aKONy, Ha beckoneunyro nlacmuny 





JBYDKeHHe B Haase TpaeKTOPHH, PaciiosIO#KeHHOM Ha JOCTATOYHOM yasIeHHu OT TOO MeCTAa, B KOTOPOM UccyIeqyeTca 
ee BO3JeHCTBHe Ha IJIacTHHY B MOMCHT BpeMeHH ¢=—0o. TIO3TOMy HayasIbHbIe YCJIOBHUA B TaKOM MOCTaHOBKe 
OTCYTCTBYIOT. 


Martepnasibi 4 MeToAbI. PaccMoTpum dyHaMeHTasIbHoe pellieHve ypaBHeHna (1), KOTOPOe MO2XKHO MOJYYUTb 
3 ypaBHeHHaA: 


NeW + c~?02W + kW = —8(x — x5)8(y — ¥o)6(t — 7). (2) 
V3BecTHO, YTO pellieHve ypaBHeHua (1) MOX%xKHO MpeCTaBUTb B BUJTe: 
U(x,y,t) =f SfooW (6, Xo VeYort — DP Xo Yor TAX dyy dt. 
B Halllem city4ae C YaeTOM KOHKpPeTHOPO BHa JBWOKYINeHCA CHJIbI MMeeM: 
U(x,y,t) = J ,,W(x,xX0(t), ¥, Yo(t), t — t)dt. 
IIpumensaa npeoOpa30BaHne Mypbe 10 BpeMeHH K ypaBHeHHto (2), NoyauM WHddepeniMasbHoe ypaBHeHne: 
A?W, — we? We + kWy = B(x — Xo)8(y — Yo). (3) 
Ucnonmb3ya MpMHIWM MpesesbHOrO MOTNOUWeHUA HU WpeoOpa3so0BaHue Dypbe TO TepeMeHHbIM Xx Uy, M pu 


2 
@W 
ycnoBuu k > 72 MO2KHO MOJIYYHTb pellieHe ypaBHeHHA (3): 


2 z 
Wo (X09 Yor 2x) = soap [Ko(aaR) — KolaeR)I, 


rye R = | (x-¥, ) +(v-y%, yy (= lk — a ee a, = xel/4; a, = xe"'/4; K,(z) — bynxuna Maxyjonanpza. 


a2 
IIpu ycnosun k <> > pelienve ypaBHeHna (3) BBITIADMT CyleqyIOUMM OOpa3om: 


= Hy (XR) — Ko(xR)], 


W(X, Xo, Vs Yor W w*/c*) = a 


2 
rye x = IS —k; H\’ (z) — byuxuna Danke. 


Jina oOpamenua mpeoOpasopanua Mypbe pemenue Wo(X, Xo, Y, Yo, W*/C*) packuaybIBaeTcaA 10 MepeMeHHO! 


4 a 


2 
@ 7 —W 6) 
— B pA], 10 CHCTeMe OPTOFOHAJIbHBIX (YHKWNH le [02H k (2)} roe H,(z) — m01MHOMBI Opmuta. 
C 


2 
Ww 7 WM 
YunTblBad, UTO (PYHKIMA Wo (x, Xo. Y, Yor =>) ABIIACTCA GUCTHONM ILO . , B pa3IOXKCHNU OyyT IIDUCYTCTBOBAaTb 


TOJIbKO 4UeTHbIe CularaeMble. Tora: 
2 
w 2 fc?) = ye lac? Hy, (2 
0(X%, X,Y, Vo, W*/c*) = kao Wok (X) Xo, Vs Yo )e C’ Tok a , THe 


1 00 a 
Wak (Xs XorVs Yo) = Gppigak Ico Vol% Xo VW Yor 2") € “12 Hoy (z)dz. 


YuNThIBAA COOTHOILECHHE: 


co 2 c2t2 
| e- ‘ac? Hy, (=) e'fdw = 2c | (—1)*e7 (2 H,,,(ct), 


TOJTY4UM: 


we _¢2t2 
W(X, Xo, Yo: t) = 2c JED” (- 1) wae 19 ¥o)e - /2H, (ct). 


B 9ToM cirydae pellieHve UCXOZHOrO AU@depeHinaIbHOrO ypaBHeHuA OyeT UMeTb- BUI: 


Tl oO CO k 8 (t-1)*/ 
U(x,y,t) = 2c [E2 f° We o(—D*Woe(X,%o(0, Vs Yo(TI€ 2Ho4(c(t — 1) de. 
CyeaB 3aMeHy TlepeMeHHOM HHTerpupoBaHHA, MOJLY4uM: 


a sV2 sl2 2) 2N2(- 1) 
U(x. yt) = DiI | Moo x(t ).y, y(t"), 24 To Ia 


Tako BU pellleHHA MO3BOJIACT JIA BLIMUCIICHHA MHTerpasa IPpHMeHHTb KBapaTypHyto (opmMyly Caycca-Opmuta. 

YTOObI yIYUMIMTb CXOXMMOCTb psa HCIOIb30BasICA MeTO, KymMMepa. Cielaya 3TOMy MeTOJyY, HEOOXOUMO 
TOWOOpaTb pA, CYMMa KOTOPOYLO H3BeCTHA, a pa3HOCTb HCXOHOFO pa U pAa NOMOOpaHHOrO NOJMKHA MpeACTAaBJIATb 
ObICTPO cxOJaMMiica pay. B kadecTBe TAKOFO PAa MOXKHO B3ATB: 


U* (x,y, t) = Teo ff, Wola, xo(t — $¥2/0), y, yo(t — 8¥2/), q) a 
THe q — HCKOTOpaA HCOTpHUAaTCsIbHaA BCJINGUHHa. 
IIpouHterpupoBas 10 TepeMeHHO! T HM IIPOCyMMUpoBaB, MOyIuM: 


U* (x, y t) — ttcV2W (x, Xo (t), Y1 Yo (t), q). 
OxKoHuaTeJIbHO AJIA PCIUCHHA YpaBHCHHA (1) TIOJIYAMM CIC TYIOUCee BhIPAKCHUC. 


TT (sal2 )H,, (trl2 Jdsdt. 


2/2(—1)* 
(2k)!22k 


e~ St) HL .(sW2) Ha, (tV2)dsdt, 


MexaHnka 


241 


Advanced Engineering Research 2021. T. 21, Ne 3. C. 239-246. ISSN 2687-1653 





U(x, y,t) = U*(x,y,t) + 


+> [| ocx = 99 /e),y90t — 9V7/e),202) — Wola, x0(t - 5Y2/-),y, volt — $¥/e),4)) x 


k=0 


2V2(—1)* 
x Nee Nt (SV) Hou (Dds 

J[ia CyMMUpOBaHHA psa UIpHMeHsAsIca Clocoo cpeqHUXx apudMertuyecknx. IIpu sTOM Noaranocs: g = 0. 

OnpezenuB MporMObl WIacCTHHbI, MOX%KHO TO W3BeECTHbIM (OPMysaM BbIMHCIIMTb OCTaJIbHbIe KOMIIOHCHTHI 
BeKTOpa MepeMelleHHA HU TeH30Pa HallpswKeHUH B IHOOON ee ToUKe. Jit aHasu3a MepeMeIeHuA IHEP YUPyrux BOJIH 
B IIaCTHHE BBIMUCJIAJICA BEKTOP MJIOTHOCTH MOTOKa 9Hepruu YMosa- [lowHTHHTA: 

E = —(0,t + Oy, 0)t — (Oxy + Oy). 
Pe3yJbTaTbI ucceqOBaHHA. []poBeaeHbI pacueTbI JIA Ciy4ad, Kora cua WBuraeTcA MO TpaeKTOpuH, 


COCTOSINeH U3 IpAMBIX HW yr oKpyxHOcTei (puc. 1). IIpu stToM MpHHUMasuch cieqyroulwe 3HadeCHHA MapaMeTpos: 
2; -4 

H=0,25M; c=221 m/c; E=232469 H/m” w=0,36; K=1,864m~. Ilapametpbr 3aKoHa ABYKeHUA CHJIbI 10 

TpaeKTOpHu MOAOUpauch TAKUM OOpa30M, YTOObI B paCCMaTPHBaeMbIM MOMCHT BPeMeHH CHJIa BCerya HaxXOMIAacb B 


OWHOU UW TOM Ke TOUKe TpaeKTOPHN, OTMCYCHHONM 3Be3204KON, HMeA pa3JIMUHble 3HAYCHHA CKOPOCTH V MH YCKOpeHHA a, a 


TakoKe IIPM pa3HbIX 3HadYeHuAX pawMyca TpaekTopuu R>. Jia u3y4eHuaA Hallps»KeHHO-edOpMUpOBaHHOTO COCTOAHUA 
IIaCTHHbI BEITHCIIAIUCh MepeMeleHHA UM HallpsoKeHHA BOIM3M TOUKY MpHJIOXKeCHHA CHIBI. 


Y,M 
15 


10 





-20 -15 -10 -5 0 2) 10 15 X,M 


Puc. |. TpaekTtopua 7BYwKeHuA COCpeAOTOUCHHONM CHIBI 


Ha puc. 2, 3 mpeaqcTaByIeHoO U3MeHeHHe MepeMeIeHHM MW HallpsKeHHH TIPU TBYXKeEHUM COCpeJOTOUCHHON CHIBI 


Ss 2 
10 3ajJaHHOW TpaekTopuu mpu v=25 M/c, a=OM/c’, Rx=5M. V3mMeHeHHe yka3aHHbIX BeJIM4MH BOb ocH Y 
IpakTH4ecKH He OTIMYACTCA OT UX H3MCHEHHA BAOJIb OCH X. 











W,V,U, mx10° 
[ — ss T T ea T ~ = i . ~ | 
* « e W' 
ese : U 
| { =a 
-0,5 r / 4 
: \ / 
| 
-1,0 } \ | 
\ } 
5 -1,5 r \ / J 
\ j 
+ 4 
= -2,0 t \ / ' 
> = ' \/ ‘ 
< 2,5 \ 
oF 
= -3,0 L a: =: Bion =| c i wi 





—/ 


-8 -6 -4 -2 0 2 4 6 X,M 


Puc. 2. U3meHenue nepememenuit: W — BeptukasbHoe; U — Byosb ocu X; V — BaOuIb ocu Y 
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Sy,Sx,Sxy, H/m 





Puc. 3. U3Menennve HalipsKeHun: 
W — BeptukasbHoe; U — Byolb ocu X; V — ByolIb ocu Y 


Ha puc. 4 npeyzcTaBleHo NepeMelleHve 9HeEPruu YIPyrXx BOJIH BOJIM3M COCpeqOTOUeCHHON CHJIbI, MOO*KeHHE 
KOTOPOM Ha TpaeKTOPpHU OOO3HaYeHO KpacHOM TOUKOM. BekTopbl ompeeAIOT KOUM4eCTBO UM HalipaBlIeHve MepeHoca 


9HeEpru B JaHHOM TOUKe. 





X, M 
Puc. 4. Bexrop mioTHocTH noTOKa 9Hepruu mpu v = 25 m/c, a=0 m/c’, Ry =5 M 
PacueTbI oKa3asIv, 4TO TPH yBesIMYeHHH CKOpPOCTH JIBYKeHHA CHJIbI KayeCTBCEHHOrO M3MeHeHHA 
TlepeMelleHHH MW HallpsxxKeHHM He MpOMCXOAMT, a MPOMCXOAMT JIMUIb UX KOJMYeCTBEHHBIN pocT. He3HayuTesbHOe 
W3MeHeHHe Ka4eCTBeCHHOLO MOBeICHHA MepeMeleHH U HallpsxKeHHM HaOOWaeTCA TOKO IPH AOCTaTOYHO OOJIbININX 


g 
CKOPOCTAX, KO a BbIMOJHACTCA YCIOBHe v > c. DTO culeayeT u3 puc. 5, 6 (a =0 M/c’, Ro =5 M). 
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W, Mx! 0” 


2 





Puc. 5. U3MeHeHue BepTuKaJIbHBIX WepeMeleHHuu pH v = 275 M/c 


W, Mx] 0” 





I 0 in maa 1 (0) 


Y,™M -20 
Puc. 6. U3MeHeHue BepTuKaJIbHBIX TepeMeleHuu pu v = 75 m/c 


Ha puc. 7, 8 mpecTaBsleHO H3MeHEHHe MaKCHMM@JIbHBIX BEPTHKAJIbHBIX TepeMelleHHi W u HallpsKeHun S,, Sy B 
3aBHCHMOCTH OT CKOpocTH JBYWKeHuA cuEI upn a=Om/c’, R>=5™M. OctanbHble KOMMOHCHTEI Mepemenjenuii u 
HallpsKeHHH MPWMHUMAaJIM WOCTATOYUHO MalsIble 3HAaYCHHA MU MOSTOMY He MpeCTaBJIAJIM KOHCTPyKTMBHOrO WHTepeca TIpu 
aHasv3e Halips»KeHHO-JJeOPMHPOBaHHOrO COCTOAHHA IJIaCTHHBI. 

BbrucseHHA, MpOBeJJeHHble pW pa3sIM4HbIX 3HAYCHHAX YCKOPeHHA U payuyca R>, NoKa3asIM, YTO ITH PaKTOPBI 
cja00 BJIMAIOT Ha Hallps»KeHHO-ePOpMNpoBaHHoe COCTOAHHe IacTHHbl. Takxe c1a00 3aBHCHT OT yKa3aHHbIx (akKTOPOB 
KaueCTBeHHad KapTHHa pacnpocTpaHeHHsA 9HeEPrM BOJIH BOIIM3H COCpeOTOYCHHON CHIBI. 


W, mx] 07° 
-2,5 
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SX,Sy, H/m? 





-78 — + —-4 —_______-[} — —_ EE — 
0 50 100 150 200 250 V, M/c 


Puc. 8. 3aBHCHMOCTb MaKCHM@JIbHBIX HallpsoKeHHM OT CKOPOCTH JBMXKEHHA COCpeXOTOUCHHON CHIBI 


OOdcyxJeHHe nu 3akIO“eHHA. HanOollee cyllecTBeHHoOe BIIMAHHe Ha Halips»KeHHO-7e~OpMupoBaHHoe 
COCTOAHHe TlaCTHHbI MU paciipoctpaHeHve 9HeEpruu yIpyrux BOJIH BOM3H COCpexOTOUCHHOM CHJIbI OKa3bIBaeT 
CKOpPOCTb ee 7BYuKeHHA. PayMyc KPUBU3HbI TpaeKTOPHH UW yCKOpeHHe JBYXKCHMA CHIBI BIIMAIOT HECYIICCTBEHHO. 

Pe3yJIbTaTbI pacueTa CBUCTEJIBCTBYIOT O TOM, 4TO MEeTOL pellleHHa 3a7ja4 O TeMCTBHM NOABMXKHON Harpy3Ku 
JJOCTATOUHO YCTOMYMB B IIMpPOKHX peweswax U3MeHeCHHA CKOPOCTH ee ZBMKeHUA. MeTo 9KOHOMMYEH HU IIPOCT, T. K. B 
HEM UCIIOJIb3YIOTCA YK U3BECTHbIe (PyYHAAMCHTAJIbHbIle PellleHuA. 
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Introduction. The development of robotics 1n many advanced countries has raised various industries to a high level. 
The demand for robots increases the share of their use in production tasks, mainly in the motor-vehicle and electronics 
industries. Advanced robotics can increase productivity in many industries by 30%, while reducing labor costs. 
Automation of technological processes of electronics production has a positive impact on the use of robots. Robots are 
used in construction, logistics, oil and gas, aerospace, plant engineering and construction, mining, healthcare, etc. The 
authors consider robots from the point of view of their application in medicine for the rehabilitation of musculoskeletal 
patients. This paper describes the mechanisms for controlling the feet and the center of mass of a humanoid robot. 
Materials and Methods. The authors chose the simplest algorithm for searching for the law of motion control of a 
humanoid robot. The robot movement was presented as a reverse pendulum. Using the large kinematic redundancy of 
walking robots, we have developed a way to control the robot in such a way as to bring the dynamics of its movement 
to the reverse pendulum as close as possible. At the same time, the problem of determining the generalized coordinates 
is considered, at which a given position and orientation of the transferred foot and a given position of the projection of 
the center of mass (CM) of the robot onto the reference surface are provided. 

Results. The authors have developed a digitalized automatic control scheme for the movement of the feet and the center 
of mass of the human exoskeleton, which will largely reduce the load on a sick person. 

Discussion and Conclusions. When discussing the results, comparing the data of the tables obtained during the 
calculation, the following conclusion was made. The scheme for controlling the feet movement of a human exoskeleton 
developed by the authors is most effective when designing an automatic scheme for controlling the movement of the 
feet and the center of mass of a human exoskeleton using digital technology, which will largely reduce the load on a 
sick person. 


Keywords: center, mass, supporting foot, exoskeleton, robot, human, movement dynamics, reverse pendulum. 
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using the control of the supporting foot. Advanced Engineering Research, 2021, vol. 21, no. 3, pp. 247-252. 
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Beedenue. Pa3ssutue poOoToTeXHHKH BO MHOrHX MepeOBbIX CTpaHax NOHANIO Ha BbICOKHH YypPOBeCHb pa3JIMYHbIe 
OTpacJIM MpOMBILMIICHHOCTH. Cnpoc Ha poOOTOB yBesIMYMBaeT JOJO UX MCHOb30BaHUA B IPOW3BOJICTBCHHBIX 3aadax, 
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B OCHOBHOM B aBTOMOOMJIbHOM HW IICEKTPOHHOM MpoOMbrlIeHHocTu. IlepexoBax poOoTOTeXHHKa MO%XKeT TMOBbICHTb 
IIpOW3BOMTeCJIbHOCTb BO MHOTHX OTpaciax Ha 30%, pu 3TOM COKpaTUB 3aTpaTbI Ha padouyro cuny. IlonoxwxuTenbHOe 
BIMAHHe Ha UCIIONIb30BAHHE POOOTOB OKa3bIBaeT ABTOMATH3AaIIMA TeEXHOJIOrMYCCKHX TIPOIeCCOB IpOu3BOCTBAa 
QJIEKTpOHHKH. PoOoTbl! pHMeHAKOTCH B  CTPOMTeJIbCTBe, JOrMcTuKe, HedTera30BOH, adpOKOCMH4eCKON 
IIPOMBIMUICHHOCTH,  MpOH3BOJCTBe  MpOMbIMWIeHHOTO OOopynoBaHua,  OObIMy  MOIe3HbIX UCKOMACMBIX, 
3paBooxpaHeHue MU Ap. ABTOPbI paccCMaTpHBaFOT POOOTHI C TOUKH 3PpeHHA TIpWMeHeHHA UX B MeMIMHeE AA 
peaOniMTalMn OOIbHBIX ONOPHO-JBUraTebHOrO HalpaBieHud. B WaHHOM CTaTbe MPMBOAATCA MeXaHW3MBbl ypaBIeHHA 
CTOIaMH HM ICHTPOM Macc poboTa-YyeOBeka. 

Mamepuanet u memodoi. Asropbi BbIOpasiw caMbIi MpocTOM asIrOpHTM TOWCKa 3aKOHa yilpaBJIeHuA TBYxKeHHeM 
poOota-yenoBeka. J[BuxKeHMe poOoTa TIpesACTaBMJIM, KaK OOpaTHbI MasTHHK. Ucnonb3ya OoubITylO KHHeEMaTHYeCKYIO 
W30bITOUHOCTH Mlararoljux POOOTOB, pa3padoTaM ClOCcoOO yipaBsICHHA POOOTOM TaKUM 00pa30M, UTOObI MAKCHMAalIbHO 
TIpHOIM3MTb JMHaMMKy ero JBWKeHHA K OOpaTHOMy MasTHHKy. IIpu 9TOM paccMoTpeHa 3aa4a olpeyereHna 
OOOOLICHHBIX KOOPAHHAT, MPH KOTOPHIX OOecreuMBaeTCA 3a aHHOe MONOKeCHHE U OPHeEHTAalMA MepeCHOCMMON CTOTIBI 
3alaHHOe MOOKeHHE MpOeKIMH WeHTpa Macc (I[M) poOota Ha OMOpHy!O MOBeEpXHOCTh. 

Pe3yjibmamol ucciedoeanua. ABTOpaMy Obisia paspadoTaHa WH@poBu3sHpoBaHHad ABTOMATH4eCKad CXeMa YIIpaBJICHHA 
J[BMXKEHHEM CTOII HM ICHTpa Macc 9K30CKesIeTAa-eOBeKa, KOTOPad BO MHOTOM CHH3HT Harpy3kKy Ha OOJIbHOrO 4esIOBeKAa. 
Oocyscoenue u 3akrouenue. IIpu oOcyxXeHuM pe3ysIbTaTOB, COMOCTAaBJICHHM JaHHbIX TaOJIMU, MOJYYeHHBIX B XOe 
pacueta, OBI CyjeuaH BbIBOT, YTO pa3spadOoTaHHad ABTOPaMN CXeMa YIIpaBJICHHA JBMXKCHHeM HOT 9K30CKesIeTAa-YeIOBeKa 
HanOosee 3eKTHBHA IPH MpOeKTHPOBaHHM ABTOMATH4eECKOM CXeMbI ypaBJICHHA JBYMXKeEHHeM HOT HW WeHTpa Macc 
IK30CKeNIeTAa-YeJIOBeKAa C HCIOJIb3OBAHHEM IM@pPOBbIX TEXHOJIOrMH, UTO B 3HAYMTCJIBHOM CTeMeHH CHH3UT Harpy3Ky Ha 
OOJIbHOFO YesIOBeKAa. 


K7i0ueeble cioea: iWenxTp, Macca, OMOpHasd CTOMA, IK3OCKeIICT, POOOT, YeIOBeK, JMHAMUKa JIBMOKeHHA, OOPaTHbIM MaATHHK. 
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ylipaBlleHud OMOpHou ctor / 7K. H. Ucadexos, VW. K. Lpropuit, K. A. Mopos // Advanced Engineering Research. — 
2021. — T. 21, Ne 3. — C. 247-252. https://do1.org/10.23947/2687-1653-2021-21-3-247-252 


Introduction. In many advanced countries, the successful introduction of robotics has raised various industries 
to a high level. The demand for robots has increased the share of their use in production tasks to 25—45 %, mainly in the 
motor-vehicle and electronics industries. Advanced robotics can increase productivity in many industries by 30 %, 
while reducing labor costs by 18—33 %. Modern robotics can significantly change the entire value chain of products. It 
is estimated that there are about 1.8 million industrial robots operating in the world production systems today, 
representing a global market of about $35 billion: the possibilities of robotics continue to grow, and the costs of 
manufacturing robots continue to fall (they have decreased by about 25 % over the past decade). In production, the 
largest number of robots are used for packaging, grabbing and moving (in Russia, almost 40 % of the 1.7 million), and 
this application has the highest annual growth rate (on average, 11 % per year for 2010-2014). The second common 
application is in the production of cars, where robots are used primarily for welding. The use of robots for assembly is 
also a fast-growing segment (the average annual growth rate in 2010—2014 was 10 %) due to the growing number of 
electronics/electrical industry products that seek miniaturization and require increased accuracy in manufacturing. 

At Russian enterprises, the density of production robotization is more than 20 times lower than the global 
average. According to the statistics of the International Federation of Robotics, in Kazakhstan, as well as in Russia, 
there are only three industrial robots per 10000 workers, while on average there are 69 worldwide, and more than 100 — 
in the leading countries in the field of digitalization. For example, the share of the Russian market of industrial robots is 
only 0.25 % of the global volume, the main consumers are China (27 %), South Korea (15 %), Japan (14 %) and North 
America (about 14 %). There is also a lag in the share of machines with numerical control: in Japan it is more than 
90 %, in Germany and the USA — more than 70 %, in China — about 30 % [1-3]. 

Modern robotics has been successfully developed in Kazakhstan. Modern factories are being built, where 
robots perform monotonous work. The growth of investments in robotics is increasing every year in Kazakhstan. 
Currently, Kazakhstani enterprises are given a chance to reduce the gap with world leaders. The great flexibility and 
intelligence of robots allow them to be used in various industries where they have not been traditionally used, including 
the production of food and beverages, consumer goods and pharmaceuticals. 

New concepts have emerged, such as wearable electronics and virtual reality, which can be used for quality 
control, work instructions, training, workflow management, various operations, security, logistics, and maintenance. In 
addition, the increased accuracy of these technologies provides improving the profitability of the enterprise by 
increasing productivity. And the instability of quality can be reduced by shortening downtime, defects and waste while 
decreasing the lead time [2]. The development of new technologies will significantly change production processes: it 1s 
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most effective in those industries where it is important to adapt the product to customer requirements, and components 
are produced in small volumes and have a high cost. Therefore, the production of consumer goods and the motor- 
vehicle industry, medical and aerospace industries are priorities in the Republic of Kazakhstan, especially in the use of 
3D printing technologies, the production of highly reliable medical devices: hearing aids, dental and other prostheses. 

Materials and Methods. Among all types of robotics, the authors distinguish the medical field. They are 
engaged in the development of exoskeletons of bipedal walking machines (BWM) [4-8]. For BWM, it is generally 
accepted to distinguish two types of walking: static and dynamic. At the static walking, the robot movements are so 
slow that it is possible to neglect the forces of inertia. This allows using a control algorithm built on the basis of only 
equations describing the kinematics of the robot. However, the device speed depends on its size, dynamic parameters, 
kinematic scheme. For many walking machines, this is the main method of control. Figure 1 shows an image of an 
exoskeleton that is being developed by the authors. 





Fig. 1. Functional scheme of the exoskeleton: 
1 — backpack with a microprocessor; 2 — arm; 3 — crutches; 4 — trunk; 5 — foot; 6 — leg; 7 — reference surface 


The equations describing the dynamics of the robot are complex and require the use of well-known methods 
for solving variational problems of large dimension. A simpler algorithm for finding the law of movement control of a 
human robot is needed. The authors from the Bauman Moscow State Technical University proposed the simplest way — 
to imagine the robot as a reverse pendulum and, using the large kinematic redundancy of BWM, control the robot in 
such a way as to bring the dynamics of its movement to the reverse pendulum as close as possible [4—5]. 

Let us consider the problem of determining the generalized coordinates at which a given position and 
orientation of the transferred foot and a given position of the projection of the center of mass (CM) of the robot on the 
reference surface 7 are provided (Fig. 1). The position and orientation of the supporting foot will be considered known. 
Let S be a vector of a given position of the robot foot 5 and CM 6, having dimension 8, 

S = (Xp Ys Zp Op, Bre Ye Xcu Vow - 

It is required to determine the vector q with dimension 14 BWM, which has 14 controlled mobility stages. 

The task is complicated by the fact that BWM has 14 degrees of mobility, the vector S is 8, and there are kinematic 
restrictions in the mobility stages, the external connections imposed on the feet of BWM change during each step. 

In this case, various methods are used to solve the inverse problem. For example, an iterative method based on 
minimizing the objective function, and a method for solving the inverse problem in increments based on using the 
Jacobi matrix. However, to control the robot, whose kinematics is represented as a kinematic tree not attached to the 
rack, it is necessary to solve the inverse problem for the supporting foot, the transferred foot, and the projection of the 
center of mass on the reference surface [11-13]. 

The objective function used has the form: f=fr;+fr2t+fcutfp where fp; and fp. — the components of the objective 
function that determine the feet positions; fy — a component of the objective function that determines the position of 
the projection of the center of mass; fp — a penalty function that allows bringing the solution closer to the optimal one 
by some criterion. 

On the trajectories of the feet movement and the projection of the center of mass, points are selected so that 
they can then be applied to restore the original trajectory using interpolation with a given accuracy. 7; 1s the matrix of 
the actual position of the foot, and 7,’ — the specified position matrix. These matrices are equal if any three points that 
do not match in the connected system have, respectively, the same coordinates in the absolute system [5—9]. 


jee aaa Dae 
i _ moi 
Tx, =T, x, 
T,’x, =T,’ 'x, 


Setting the vectors 'x), ‘x2, ‘x3 as: 
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x, =rl 
xX, = 17 
x, =rk 


i,j,k — the directing vectors of the coordinate axes; 
r iS a parameter that determines the ratio of the accuracy of solving the inverse problem in angular and linear 


coordinates 
AT =T,-T; 
we get 
I= tr(ATHAT ) 


where the matrix H has the form: 


r 0 0 r 

0 r Or 
H-= 

0 Or rr 


rer sr 3 


consider the component of the objective function that determines the position of the projection of the center of mass of 
BWM on the reference surface. The coordinates of the projection of the center of mass are determined by the formula: 


Nov, 1 ~ 0 
S = a > m,PT, eer a 
Von M\S 


where M — robot weight; N — the total number of degrees of mobility of the human robot; m — mass of an individual 
link; roy — vector of the CM link; P — the projecting matrix. 
1 0 0 0 


10 100 


The index i changes from 6, because the links of the kinematic tree with smaller numbers are fictitious and have zero 








mass. If AS, =(X,.,. Yen y is the target position of the projection of the center of mass, and AS, =S,-S. , 
then f, =AS* 


Penalty function f, = Ag’ AAg, where g — change of the generalized coordinates when moving to a new point; A — a 
diagonal matrix of weight coefficients. 

Physically, the penalty function fp is proportional to the work performed by the drives when moving to a new 
point [10]. 

When considering the robot movement as the motion of an inverse pendulum, the following equations were 
adopted (Fig. 2): 


: _ X 
x-x, =lsina, a a 








_ _ % 
[cosa 
— M _ gsina 
J [ 
Zz mM 
h 
a 
; x 
0) Xo x 


Fig. 2. The motion of the reverse pendulum with a constant height of the center of mass 


The pendulum motion along the horizontal x axis is described by the equations 
boa 





mx = mg 
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take X 9 = 0 and denote 


We obtain a homogeneous linear differential equation 
x(t)=ce™ +c,e" 


Substituting the initial conditions, we get 


7 AX, —Xq 
1 a —Ato 
2re 
7 AX, + Xp 
C, _ Ato 
2Ke 


The equation will take the form 
7 (t) _ / 0 ee oo) 4 Ax, +X, ot) 
2X. 2X 

At small angles of inclination of the pendulum, the solution to this equation is close to the solution to the nonlinear 
one written for a pendulum of constant length. Under different conditions, only the expression A [3, 10, 11, 12] will change. 

Research Results. When analyzing the calculations with various options, it was concluded that the matrix 
method is quite time-consuming, takes a lot of time, and does not give measurement accuracy, whereas modern 
methods provide considering the dynamics of the foot movement and the center of mass with greater accuracy, and 
divide the study not into eight or twelve points, but into more, bringing closer to more accurate results. 

Discussion and Conclusions. When discussing the results, comparing the data of the tables obtained during 
the calculation, it was concluded that the scheme for controlling the feet movement of a exoskeleton-human developed 
by the authors is most effective when designing an automatic scheme for controlling the movement of the feet and the 
center of mass of an exoskeleton-human using digital technology. As a result of the obtained equations, an automatic 
control scheme using digital technology was developed, which is shown in Fig. 3 and works as follows. 
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Fig. 3. Block diagram of the exoskeleton control 


The control device (CD) sets the measurement cycle of the 7¢ and generates a pulse of the first cycle with 
duration of 7;. During the time interval 7), the electronic key SA is in the initial state, and the measured position of the 
feet and CM through the input device JD goes to the integrator and informs the capacitor (C) the amount of electricity 

I; 
as 

At the end of the pulse 7), the CD opens the SD key, and the counter Co starts receiving pulses from the 
generator G. At the same time, the SD key is transferred to the second stable state, and the reference value A of the 
reverse polarity is received by the integrator. The capacitor C is discharged to the initial state during the time interval 


T 
1. = Pag . 

At the end of the discharge of the capacitor, the voltage at both inputs SS are equal to zero, the SS gives the 
command to open S. The receipt of pulses to the counter stops. Their number determines the 7,. Since the amount of 


electricity during the charge and discharge of the capacitor is the same, then 


T 
U =—U, 
1 


Therefore, the measurement result is proportional to the parameters. The time interval 7, does not depend on the time 
constant of the integrator, 1.e., no chains with highly stable elements are required to implement the double integration 
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method. The duration of the first cycle of integration 7; and the value of the reference values can be kept constant with 
high accuracy, and therefore the error of converting voltage into a time interval is insignificant with this method. The noise 
immunity at the multiplicity of the time of the first integration cycle T; to the interference period reaches 60 dB or more. 
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UccueqoBaHne TeXHOJIO‘HM IICKTPOHCKPOBOrO HaHeceHHnA NOKPbITHH, 
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Beedenue. Ilenamu padoTsl sABMJIMCh aHasIv3 WM MpWMeHeHHe TeXHOJIOrMH DICKTPOMCKpOBOrO HaHeCceHHA 
W3HOCOCTOHKUX MeTaJWIM4eCKUX TOKPbITHM Ha pexkyliive MHCTPyMeHTHI WIM JeTaIM Mall JIA UX yIpOUHeHHA WIM 
BOCCTAHOBJICHHA Pa3sMePoB. 

Mamepuantt u memodoi. PaccMotpeHa TexHOJIOrMA, YCTpOMCTBO HU TIpHHUMN AevcTBUA MOepHu3HpOBaHHOu 
YCTaHOBKH, peHa3sHaueHHbIxX JIA IEKTPOMCKPOBOrO HaHeCeHHA M3HOCOCTOMKUX MeTaWJIMYeCKHX TOKPbITHM 
KOMIO3HTaMu T15K6, BK8 u BKO. 

Peszynbmamoi uccnedoeanua. Jina onpeyeneHua WapaMeTpOB MOJIepHH3MpOBaHHOM YyCTaHOBKH 3JIEKTPOMCKPOBOrO 
JIerMpOBaHHA TIPOBeCHbI IKCIMCPUMeHTHI TO YIPOUHeHHIO TBeEpAbIM criaBoM T15K6 wsMdoBaHHbIx OOpa3iloB 13 
cram 45 pasmepamu 252525 MM. B pe3ysIbTaTe ONMbITOB C HCHONb30BaHHeM MeTO]a MWIaHApOBaHHA IKCHepMMeHTa 
NOATBep2xK1eHa BO3MOXHOCTh BbIOOpa UH peryIMpOBaHHA TapaMeTpoB ycTaHoOBKH. JIA yupouHeHHA OOpa3il0B 3 CTasIn 
45 TBepbIM criiaBoM T15K6 BplOpaHbi cileqyrouue TapaMetppi: cua ToKa | = 1—2 A, HanpsxeHue U = 40-75 B, 
€MKOCTb KOHJICHCaTOpHOH Oatapen 60—100 MK®. 

Oocyscdenue u 3akjouenue. IIpuMeHeHve B KayeCTBe 3all[MTHOM CpeyIbI yrIeEKUCMOTO ra3a MO3BOJIACT YBeJIM4YUTb 
4HCJIO TIPOXONOB UH, COOTBETCTBEHHO, UYHCJIO CIOCB MOKPBITHA TO WBaWaTH, MOWyYaTb UTOTOBY!FO TOJMIMHY 20 0,3 MM Cc 
IIOTHOM CTpyKTypou 6e3 oKcuyzoB. TloKpbiTHA TakOM TOJIIMHbI TWakOT BO3MO2%KHOCTb HE TOJIbKO YIIPOUHATb, HO U 
BOCCTAHaBJIMBaTb Pa3MepbI M3HOIMIeCHHBIX eTaien MamMuH. Ilapametpbi TeXHOJIOrM4eCKUX PeXKUMOB IICEKTPOMCKPOBOrO 
JIerTMpOBaHHA CYI[eECTBCHHO BJIMAIOT Ha MHTCHCHBHOCTb HaHeCeHUA MOKPbITHM WU KavecTBO MOJIyYaeMOM MOBEPXHOCTH. 
Ilopbimenve 3JIeKTpU4eCKUX MapaMeTpOB BeeT K YBeJIMYCHHIO HHTCHCHBHOCTH Ka KOTO OTCNbHOTO pa3psAya U B 
OlpeeeHHbIX Tpeyewax CMOCOOCTByeT MOBbIMICHHIO KOJIMYeCTBa TepeHOCMMOrO MaTepHasla MOKPbITHA, a TaKXKEe K 
Oonee riryOOKUM peoOpa30BaHHAM TIOKPbIBAeMOM TIOBepXHOCTH B 30He pa3psyja. Takum o0pa30M, yCTaHOBKy 
QJIEKTPOMCKPOBOTO JIerTMpOBaHHA, OCHAIeCHHYHO CpeCTBaMHW KOHTpOA MW WWarHOCTMKH, a TakKxKe CHCTeMOM Toad 
3allMTHOrO 1a3a, MO2%KHO UCIOJb30BaTb JIA YMpOUHeHHA UW BOCCTAHOBJICHHA WeTayew MalIMH U pexkylllx 


MHCTPyMECHTOB. 


Kyiioyveevle = ciloéa: =3sIeKTpOMCKpoBoe JlerMpoBaHve, JeTaIM MalliMH, pexKylIMi WHCTpyMeHT, ylpouHeHne, 


U3HOCOCTONKOe MOKPbITHE, BOCCTAHOBIICHHe JeTasen. 


Alia = uumupoeanua: WsrymKo,C. Il. Uccneqopanve TexHonorumM 93yIeKTPOMCKpOBOTO HaHeCeHWA MOKDPbITHH, 


nerupoBaHuau yupounenna, C. IT. Pyurxo // Advanced Engineering Research. — 2021. — T. 21, Ne 3. — C. 253-259. 
https://doi.org/10.23947/2687-1653-2021-21-3-253-259 
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Introduction. The work objectives were the analysis and application of the technology of electrospark deposition of 
wear-resistant metal coatings on cutting tools or machine parts for their hardening or dimensional restoration. 

Materials and Methods. The technology, device and principle of operation of the modernized installation intended for 
electric spark application of wear-resistant metal coatings with composites T15K6, VK8 and VK6 are considered. 
Results. To determine the parameters of the upgraded electrospark alloying plant, experiments were carried out on 
hardening of polished samples made of steel 45 with hard alloy T15K6 with dimensions of 25x25x25 mm. As a result 
of using the experiment planning method, the possibility of selecting and adjusting the installation parameters was 
confirmed. The following parameters were selected for hardening samples made of steel 45 with hard alloy T15K6: 
current I = 1-2—A, voltage U = 40-75 V, capacitor bank capacity = 60—100 uF. 

Discussion and Conclusions. The use of carbon dioxide as a protective medium enables to increase the number of 
passes and, accordingly, the number of coating layers to twenty, to obtain a total thickness of up to 0.3 mm with a dense 
structure without oxides. Coatings of this thickness make it possible not only to strengthen, but also to restore the 
dimensions of worn machine parts. The parameters of the technological modes of electrospark alloying significantly 
affect the intensity of coating application and the quality of the resulting surface. A rise in the electrical parameters 
causes an increase in the intensity of each individual discharge and, within certain limits, contributes to an increase in 
the amount of the transferred coating material, as well as to deeper transformations of the coated surface in the 
discharge zone. Thus, an electrospark alloying plant equipped with monitoring and diagnostic tools, as well as with a 
protective gas supply system, can be used for hardening and restoring machine parts and cutting tools. 


Keywords: electrospark alloying, machine parts, cutting tool, hardening, wear resistance coating, restoration of machine 
parts. 
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Bspefenne. BHeapenve TexHOOrMM U3rOTOBJICHHA TeTaIeH MallIMH UM pexXyIWMX MHCTPyMeHTOB C BbICOKHMU 
MeXaHM4eCKHUMH XapaKTepHMCTHKaMH ABJIACTCA BaXKHOM COCTABIIAIONICH MallIMHOCTpOeCHHA B IeJIOM HU IpOn3BOJCTBa 
MeTasWIOpexyllero OOOPyAOBaHHA B YaCTHOCTH. OCHOBHbIMH TpeOOBaHHAMH K 93THM TeXHOJIOIMAM ABIJIAFOTCHA 
JIOCTYHHOCTb, 3KOHOMHYHOCTS UH 9eCKTHBHOCTB. 

Marepuaiibl, HCIOJIB3yYeMBIe JIA U3FOTOBJICHHA JeTaeM MalllMH WU pexKylIMxX MHCTPyMeHTOB, Kak lIpaBuio, He 
YHOBJICTBOPAIOT B TOJHOM OObeMe TpeOoBaHHAM O9KCIIJIyaTallMv, MOITOMy UX Halo U3r0TaBIIMBaTb 13 
KOHCTPyKIMOHHBIX MaTepHasIOB BbICOKOTO KayecTBa. HO B 3TOM CiIyyae AUX MPOM3BOACTBO MOXKET OKa3aTbCA OUCHb 
oporuM. Kpome Toro, rapaHTupoOBaThb NOHO YIOBJICTBOPeHHe IKCIUIyaTalMOHHbIX TNeCOOBaHHH B 9TOM CJIyyae Tak2%Ke 
He€BO3MOXHO. ITH MWpOOMeMbI B WOCTATOUHOM Mepe yCTpaHsAIOTCA HaHeceHvueM Ha paOoune MOBepXxHOCTH eTaet 
MallIMH U1 MHCTPYMCHTOB pa3JIMYHbIX 10 (PYHKIMOHAIbHOMY Ha3HadeHHlo MOKPbITHHM TOMMMHON OT WONeH MMJWIMMeTpa 
J{O HECKOJIBKUX MUJIMMeTpOB | 1-4]. 

KauyecTBo TaKMX MOKPbITHM OWeCHMBAaIOT, KaK [paBMJIO, TO HECKOJIBKUM 4aCTHBIM KPHTepHAM, Ha OCHOBe 
KOTOpBIX (bopMupyeTca KOMIMJIeKCHBIM KpuTepuHii. VccneqoBaHua c MmpHMeHeHHeM MeTOa TianHupoBaHua 
9kcriepuMeHta [5], B CBOKO O4epeb, MO3BOJIAIOT YCTaHOBHTb CBA3b KPHTepHeB KayecTBa C MapamMeTpamMu 
TeEXHOJIOTMYeECKOLO Mpoljecca HaHeECeHHA NOKpPBITHA [6], ONTHMU3HPOBAThb 9TH MapaMeTPbI MU MPOrHOSMPOBaTb CBOMCTBa 
OUMeTasWIM4ecKux KOMIO3nH HH [7]. 

Crow MOKpbITHH MOryT UMeTb pa3IM4Hble XMMMYeCKHe COCTaBbl HW CTPyKTYPHO-a30Bble COCTOAHHA, 
OTIMYAIOlMMecA OT MaTepHasia OCHOBbI. Matepuasibl NOKPbITHM OOeCHeYMBAaIOT BbICOKHe IKCIUIYaTAaNMOHHbIe CBOMCTBAa 
WIM KOMIMICKC CBOMCTB paOOuHM TOBepXHOCTAM perxKyIIMX MHCTPYMeHTOB WIM WeTasei MammMuH [5, 8-18]. Kpome Toro, 
Ha MOKpPbITHA, UMerOIIMe MallytO TOJMIMHY, pacxOyeTCA HeE3HA4YMTeJIbHOe KONMYECTBO AOPOTOCTOAIMIMX MaTepHasIoOB, 
Y4TO aeT BbICOKHM 9KOHOMHMYCCKHH 9PMeKT Mp UX IPHMeHeHUNH B TPOW3BOJCTBCHHOU pakTHKe. 

Ucnomp3yemble B HacTodlee BPeMA pa3JIM4Hble MeTasIMY4ecKHe JeTaIM: MOAUWIMMHUKH, BasIbl, OCH, CBepsa, 
TOKapHBble pe3libl, (pe3bl HU T. 1., TDCOYFOT MOBBIINeCHHA UX M3HOCOCTOMKOCTH UM MpoyHOcTH. OXHHM 3 HeAOpOrMx 
ClOCOOOB HaHeCeHHA TOHKUX MeTAaJIIM4YeCKHX NOKPbITHHM Ha UX padouve MOBeEPXHOCTH ABIIACTCA BJIEKTPONCKPOBO 
MeTOX OOpaOoTKH — 9JIeKTpoNcKpoBoe sIerupoBaHue (OVJI) [1-4]. Kpome toro, 9Ty TexHOOrMIO MO2%KHO 
HCHOJIb30BaTb JIJId BOCCTaHOBJICHHA CTaJIbHBIX JeTasIeHi MallIMH pH He3HayHTeIbHOM U3HOCe UX pado4nx 
MOBepxHocTev — 710 0,2 MM. 
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Matepnarbr vw Merogbi. OVJI mo3BoseT BbINOJHATB YyIIpOYHeHHe pexylwlero UHCTpyMeHTa U 
BOCCTAHOBJICHHEe CTAJIbHBIX JeTaIeM MallIMH W3HOCOCTOHKUMH KOMNO3NTamMu Tuna T15K6, BK8, BK6 u nokpsitnamu 
MHOrO cocTaBa [8-18]. DTa TeXHONOIMA MO3BOIIACT MOBBICHTb TBEPOCTb, H3HOCOCTOMKOCTb, KOPpO3HOHHY!O CTOMKOCTh 
MeTaJUIM4eCKUX TOBepxXHocTeHi HM OOeCIeCYHTbh XOPOLIyIO CBA3b C MaTepHayIOM oOcHOoBbI. OVJI peamu3yetca Ha 
OTHOCHTeJIbHO TMpOCTOM OOOpPyOBaHHH, MPpOHM3BONMTeIbHOCTb KOTOPOrO He 3aBHCHT OT TBepAOCTH HM HHbIX 
(DH3M4eCKUX XAaPpaKTeEPHCTHK UCHOUb3YeMbIX MATepHaIOB. 

JJo HacTosMlero BpeMeHH TipediarasIMch pa3yIM4Hble MOJeIM Mpolecca, KOTOpble B TOM WIM WMHOW Mepe 
OOBACHAIIM OTJCIbHbIeC IKCIHeCPHMMeHTAaIbHble WaHHble [1-4]. Ha puc. 1 npeyctapmenHa MOjenb TexHonoruu DVI, 
KOTOpad pa3paboTaHa JIA BbICOKHX HallpsxKeHHM WU MaJIbIX 3HAYCHHM TOKa KOPOTKOrO 3aMbIKaHHA (I,.,< 10-20 A). B 
TOM cJIydae, eCJIM TOK KOpOoTKOrO 3aMbIKaHHA I[,, >10A u HanpsxKeHMe XOJIOCTOrO XOJa WCTOUHMKAa TMTaHuA 
U, <50B, motpeOyetcx yrouHeHve Tako MOjJIeIM, TaK Kak 3-38 HM3KOrO MOTeHIMala MexKAy 93eKTposaMu 
M@KIICKTPOTHbIM MPOMEXYTOK B ITOM Cllydae OJDKeH ObITb 3HAYNTCJIbHO YMCHBIIICH. 
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Puc. 1. Moyesb 3s1eKTPpOMCKPOBOrO JIerHpoBaHuA: @ — MOMEHT I1poOosd MexX3IJIEKTPOAHOFO MpOMexyTKa; 6 — OTPBIB 


“ 


Kall paciiaBsIEeHHOrO MeTajIa OT aHO]a; 6 — B3PbIB KalWIM paci1aBsJIEHHOrO MeTasIa; 2 — OcaxKeHVe paciiaBJIeHHOro MeTasiIa 
aHOjla Ha KaTOjje; O — KOHTAKT 3JIEKTpOOB (MexaHHyeckKH yap aHoya 10 KaTOyy); e — pa3BO IJIEKTPONOB 


IIpu npuOmmKeHun TOJBWKHOTO BIeKTpOAa (aHOa) K KaTONYy (MO7I0%xKe) Hallps2xKeHHOCTb IIEKTPU4eCKOrO 
oua yBemuuuBaetca. Ha opeazesIeHHOM paccTOAHHN HallpsxKeHHOCTh JOCTHTHET 3HaYeHHA, IPH KOTOPOM IIpon30N eT 
UCKpOBOH pa3paq U OyseT NOUy4eH KaHasl CKBO3HOH BJIEKTpU4eCKOH mpoBoyuMoctu. IlyyoK deKTPOHOB C KaTOa 
(TIOAO%KKU) MpowAeT 10 TOMY KaHasly, POKYCHpOBaHO yapUT MO MOBepxHOCcTH aHosa (puc. | a) U MIOTHOCTb TOKa 
BO3PaCTeT. DIICKTPOHbI pe3KO OCBOOORKTaIOT HAKOMJICHHYIO KHHETHUCCKYIO SHEPrHto, KOTOPad MpeoOpa30BbIBaeTCA B 
TeIJIOBY!O, BbIJ[CIAIOMLYIOCA B TMOBePXHOCTHOM cjI0e aHoya. B MectTe mpoOos 93eKTpHy4eckoro pa3payja aHol 
pacmlaBiaeTca, OT Hero OTeIMeTCA Kalla pacnaBeHHOTO MeTasiia U WBYKeTCA K KaTony (puc. | 6), onepexasa 
JBYOKYIWIMUCA AHO. 

Ilagarollasd Kala, OTOPBaBIUHMCh OT aHOa, HarpeBaeTcaA JO BbICOKON TeMIepaTypbl, 3aKHMaeT HU B3PbIBAaeTCA. 
Ilemb TOKa B KaHayle IIpepbIBaeTCA, CKMMArOIIMe CHIBI BIEKTPOMATHUTHOTO MONA Ucue3saroT. UacTuIbl MeTasiia, 
KOTOpble OOpa3yrOTCA TOcie B3pbIBa Kalli, yxKe He (OKYCHPyIOTCA DIICKTPOMATHUTHbIM TIOJIEM WH ayaloT Ha 
HOWIOKKY WMPOKHM MpoHToM (puc. | 6), a FOCTHrHyB KaTOa, CBapUBaIOTCA C HUM, YaCTHYHO BHepPAACh B ero 
IOBepxXHOCcTh (puc. | 2). 

Bene 3a paciiylaBJICHHbIM MeTaJWJIOM 93JIEKTpOqa JIBYXKeTCA CaM 9JIeKTpoy-aHoy. Tem BpemMeHeM 
KOHJICHCaTOpHad OaTaped yClieBaeT 3apAMTbCA, COOTBCTCTBCHHO BbIPaCTeT HalIps2KCHHOCTh IICKTPHYeCKOLO TOJA B 
M@XKIJIEKTPOJHOM TpoMexytTkKe. Jlamee clleqyeT MexXaHH4ecKHH yap dJIeKTpOa TO MOBEPXHOCTH MOAO%*KKU, Ip TOM 
3aMbIKaeTCA ICEKTpH4eCKaA Ler. 

Matepnal aHoya B IpeyctaBseHHow mMoyemm QVJI mepenHocutca B 2#XUAKOKpPUCTaIM4eCKOM COCTOAHHH, 
HaunHasd C MOMECHTa MpOOOd Me2%KIICKTPOAHOFO IpOMexXyTKa UH JO COMPHKOCHOBeCHHA aHOJla C TOBEPXHOCTBIO KaToja. B 
KU KOKPUCTasIIMYeCKOM COCTOAHHH Me30(a3bl BeEICCTBa XAaPAaKTePH3YFIOTCA AHH3OTPOMHbIMH CBOMCTBAMH UM COUeTAIOT 
peoslorM4eckve CBOMCTBa X%XUAKUX Tell (TeKy4ecTb) CO CBOMCTBaMHM TBepJbIX KPHCTaIJIOB (AHM30TpONMA Pu3H4YeCKHX 
CBOHCTB). B %*xMKOKpMcTasWIM4ecKOM COCTOAHHH TeKy¥eCTbh BelljecTBa OrpaHwyeHa, TaK KaK IIpHCyTCTByeT 
OlpeyeueHHadt yMOpAXOUCHHOCTh pacioOuOKeHHA WU B3AaMMHAA OPHeHTallMA ero MOJIeKyI, KOTOpad WpuOuMKaeTCA K 
YIOpAOUCHHOMY paciIOIOHKeHHIO CTPyKTypbIl TBepbIX KpucTaswioB. Uepe3 He OCTHIBIUIMe, JexKalwe Ha KaToe 
YacTULbI MaTepMasia aHOja, IpOXOAMT BTOpOH uMityEc. MiMiryIBCHbIe pa3pAbI MMCFOT BBICOKY!O INIOTHOCTb TOKa — 
no 10°-10° A/mm’. 

IIpu MexaHwy4ecKOM KOHTaKTe MOJBMXKHOrO 93JIeEKTpOa HW NMOMWIOKKM YACTHIbI MaTepwalla 9IeKTposa 
CBapHBarOTCA JIPyr C APyrOM H C MOBeEPXHOCThIO NOOXKKU, KOTOPad MporpeBaetca, HU B Hee AuddyHAUpyeT MaTepuna 
gleKTpoa. COBMeCcTHO c WH@d)y3HOHHBIM MpOWeccoM MpoTeKaroT XHMMYeCKHe peakIM Mex Ty MaTepvalaMu 4YacTuly 
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g7eKTpoya WU nowToKKH. Mexanwyeckni yap NOABYWKHOTO IICKTPOa MpOKOBbIBaeT HarpeThbIM MaTepHasl NOKPBITHA 
(puc. 1 0), NOBbIMIad ero OAHOPOAHOCTb UM TWWIOTHOCTb. TakuM 00pa30M, Ha MOBepXHOCTH TOOKKH OOpa3yeTca 
IIPOUHO COeMHEHHOE C Helo MOKpbiITHe c 9:deKTOM JIerupoBaHua (puc. | e). 3aTeM HaYMHaeTcA CUeMYIOWMN WK, 
QIEKTPO], J[BYXKETCA BBEpX. 

IIpormecc HaHeceHua NOKpbiTuA Ipu QVJI npoucxogMT nog WevicTBueM CieXyIOUUXx PakTOPOB: 

e cyula TAKECTH, MOA WeMCTBHeM KOTOPON Kalla paciiaBsIeHHOrO MeTalIa YCTpeMJIAeTCA OT AHO]a K KaTOJLy, 
KOra OHH pa3OMKHYTHI; 

® MexaHHyeckad BHOpAalMA IICKTPOJOB; 

@ 9JIEKTpH4eCKad MOJIAPHOCTh, MO, JeEMCTBHeEM KOTOPOHM HOHbI MaTepHasia MOKPBITHA OCearOT Ha MODOKKe. 

BaxkHOU xapakTepHCTHKON HaHeceHuA MOKPbITHM c MOMOIbIO QVUJI aBiaaeTca MpOUHOCTHS CBA3M MOKPBITUA C 
OCHOBOH, KOTOpad OOectIicdnBaeT HaexKHYIO UV JWIMTeCIbHY!O SKCIUIyaTauMio pexkyllero MHCTpyMeHTa MIM Weta. IIpu 
(DOpMUpOBaHHH NOKpPbITHA U OOecHeYeHHU CBA3H MOKPbITHA C OCHOBOM MpOMCXOAMT B3aHMOJeCHCTBHe X%KUAKUX (a3 
MaTepHaslOB IIEKTPOAOB. Mex yy HUMU OOpa3yeTCA XUMUMYCCKAA CBA3b, PASBUBAFOTCA OOBEMHBIe Mporecchl Wuddy3uu 
aHOsla B MOJIOKKY B TBepAON (daze, OOpasyrOTCA MHTeCPMeTAIJIM BI. 

@Mv3vKO-xXuMuyecKHe TWpeBpalleHHa B TOBEPXHOCTHOM cJIOe TOMIOKKM TMpoTeKalOT pW BbICOKHX 
TeMIlepaTypax HW BbICOKOCKOpOCTHOH MiacTHyeckoH FedopmMainu. B3sanMoyevicTBue MaTepHasIOB aHOJa WU MOWIOXKKH, 
KPUcTasIM3allHA pacnaBsIGHHOrO MaTepHasla aHOa Ha MOBeEPXHOCTH MOANIOKKU U WHddy3uA B ee MOBEPXHOCTHOM 
coe TMpOWCXOAAT B HepaBHOBeCHbIX yCIOBMAX. BsicoKMe TeMMepaTypbl B Me2K3JIEKTPOTHOM IIPOMexKyTKe U 
NerMpyrollWe 3IEMeCHTHI BICKTPOa MO3BOIIAIOT HapalllMBaTb UW JICrMpOBAaTb MOBeEPXHOCTb MOAJIOKKU, yslyumlaa ee 
(bu3H4ecKHe MH xuMuUeCcKHe cBOlicTBa. IlooTomMy QVJI MoxKHO UCMONb30BaTb JIA BOCCTAHOBJICHHA JleTaliei MalunH 
COXKHOK KOHMUTYypallun VU JIerTHpOBaHUA perk yllero HHCTPyMeHTa. 

JjocrouHctTBa JVI: 

® TOUCUHbIN HarpeB, Ip KOTOPOM OTCYTCTBYeT JePopMallMA MOIOHKKU (OCHOBBI); 

@ JJOKasIbHOe (TOUeYHOe) HaHeCeHHe MOKPbITHH, B TOM 4UCIIe Ha NOAIOXKKU CO CHORKHOK KOHUrypaunen; 

® BO3MOXKHOCTh JIerMpOBaHHA MOBeEpXHOCTeH JeTasIev MallIMH UW pexkylllerO HHCTPpyMeHTa. 

@Mv3UKO-MexaHuuecKkne CBOMCTBAa TMOBepXHOCTH OOpadaTbIBAaeMOrO MHCTpyMeHTa WIM jeTasiM MO%XKHO 
BapbupOBaThb, H3MeCHAA MaTepHasl 91eKTpOAOB. IIpu 9TOM COcTaB NOKpbITHA UM ero (PU3HKO-xXUMM4eCKHe CBOMCTBa MOTYT 
3HaYMTeJIbHO OTIMYVATCA OT JIETMpyrFOMlero MaTepHasla aHO]a, WU JIerMpyeMoro MaTepMasia OCHOBBI. 

CralibHad OCHOBa Tlocle OOpadoTKUH DVJI coctouT u3 Tpex oOsacTei: Oenoro cio’, MepexOHOM 30HbI U 
OCHOBHOrO MaTepHasia. B TOHKOM OesIOM CuOe HAaXOJATCA TyrOnaBkKMe COCAMHCHHA C MCJIKO3CPHHCTOM CTpyKTypoH, 
KOTOpad MOpPMUpyrOTCA B YCIOBHAX ObICTporo TemooTBOZa. B MepexOHOM 30HE CTasIbHOM OCHOBbI HaxOJIATCA 
muddy3vHOuHbIK CON, 30Ha TEPMUYECKOLO BIIMAHMA MU NepexowHbii cron. Juddy3voHHbI cow — 9TO MapTeHCHTHO- 
KapOuyHad cTpyKTypa. 30Ha TepMM4eCKOrO BJIMAHUA MpeycTaBsaeT CcOOOM aycTeHHTHO-MapTeHCHTHO-KapOuyHyto 
cTpyKtypy. IlepexoqHow cou UMeeT ayCTeHHTHO-COpOUMTHO-MapTeHCHTHy!O CTpyKTypy. AYyCTeHHTHad CTpyKTypa 
oOpa3yeTca Ha NOBeEpXHOCTH pa3yena PeppuTOKapOuHEIx (a3 pH ObICTPpOM OxTaKTeHHuH U pu Tuddy34oHHOM 
HacCbIIeCHHH CTaIM a30TOM BO3aLyxa ecu OVJI mpoBpogutcsa 6e3 UCHOb3OBaHHA 3allMTHOrO ra3a. CileqyeT yAUTbIBAaTh, 
4TO YCM MeCHbIIe a30Ta IIpOHHKaeT B HepexOJHy!O 30HY, TeM OosIbIIe OyteT OOpa30BbIBAaTbCA MapTeHCHTHOH 
CTpyKTypbI TIpW OxslaxKTeHuH. 3a WepexOHbIM CJIOeM CyIeqyeT CTpyKTypa OCHOBBI, KOTOpad He MoyBepraeTca 
W3MeHeHHaAM. ToutwHa U CTpyKTypa 30H 38BHCAT OT TEXHOJIOFM4YCCKUX TapaMeTpoB OOpaooTKH, COCcTaBa MaTepHasIOB 
IOKPBITHA HM OCHOBBI, a TaK2Ke OT COCTABAa OKPy2Karollle Cpe/IBI. 

IIponu3BoquTenbHOocTb mpormecca DVJI, kavecTBO NOKpPBITHA, BeEIMYHHY 3eEPHa OCHOBbI MOXKHO PelryJIMPOBATh, 
W3MCHAA CKBAXKHOCTb MU 4aCTOTY IICKTPpHYeCKHX pa3panoB. Jia sIeKTPONOB PCKOMEHyeTCA UCHOMb3OBATb MATepHaJIbl 
C BbICOKHMU TlOKa3aTeAMU TBepAOCTH HW M3HOCOCTOMKOCTH, HallpuMep, KapOuybI BOJbdpamMa UW TUTaHa, Cepbii WIM 
OeuIbIM UyryHbI, TBEPAbIe CiJIaBbI HA OCHOBEe KapOuJa THTAaHAa C pa3JIM4HbIMH CBA3KAMU Ha OCHOBe MOJIMOeHa, HUKeJIA, 
WHTepMeTAWIM OB MU cram. CrezyeT y4ecTb, YTO MAKPOTBEPAOCTb YMPOUHEHHBIX CJIOeB, MOJTyUaeMBbIX Ha 3aKAJICHHBIX 
CTasIAxX, 3HA4UTeIBHO BBIIIe, 4EM Ha He3aKaJICHHbIX. ITO OOYCIOBIMBAeTCA AKTHBHBIM BJIMAHHCM MaTepHasIOB OCHOBBI 
Ha (OpMUpOBaHHe MOKPBITHA. 

QnekTpwyeckue mapametppr QUJI onpeyemsroT cTemeHb yIIpOUHeHHA, UMCTOTY MOBEPXHOCTH TIOKPBITHA U 
IIpOW3BOJUTeIbHOCTb Tpomecca. Ucnouwb3yemble 3IeKTpH4eCKHe PpexXUMbI YCJIOBHO MOXKHO pa3jieIMTb Ha rpyOple, 
CpeqHve WU 4MCTOBbIec. OHH OXBaTHIBaIOT 3HAYHTCJIbHbIM Halla30H MOLIHOCTH, HeEOOXOAMMON WIA MpoBeyeHHA Kak 
JOBOJOUHBIX, TaK MU rpyOpbix nmponeccop OVJI. Tpydbie pexumbl xapakTepu3yroTca HalipsKeHHem 100—200B u 
OObIIOM CEMKOCTbIO KOHACHCaTOpHOU Oatapeu (100-300 mk®). CpeaHue pexuMbI pealM3yrOTCA IlyTeM YMeCHbILeCHHA 
€MKOCTH KOHJeHCaTOpHOHK Oatapen 0 90-100 MK® wim CHW KeHHeM Hallps9KeHuA IPH WpexHeH emKocTH. UMcTOBBbIe 
P@2%KHMBI MOryT ObITb NOJYYeHbI CHWKeHHeM HalipsxKeHuA 20 10-30 B usu yMeHbIIIeHHeM CMKOCTH KOHJeCHCaTOpHoH 
OaTapen 10 0,5—10 MK®. CooTBeTCTBeHHO, MPH ITOM YBeEIM4MBAeCTCA WIM YMeCHbINAeTCA TOK KOPOTKOFO 3aMbIKaHHA. 
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K HeyoctaTKam TexHosornuu JVJI MoowKHO OTHECTH OrpaHH4eHHOCTh TOJMIMHbI HAHOCMMBIX CIIOCB NOKPbITHM U 
3HaYMTeJIbHY!O WIEpOXOBaTOCTb UX MOBepxXHocTen. PaccMOTpHM HeOCTaTKH Ha KOHKPeTHBIX MIpuMepax. 

IIpumep 1. YctaHoBka paOotaeT B rpyOOM pexkKUMe: CEMKOCTb KOHJeCHCaTOpHOH OatTapeu C = 200 MkK®, ToK 
KOpoTKoro 3aMbikaHnsd I,, =3 A, HalmpsxeHue U=150B, uactota koneOaHuii BuOpaTopa c 3sneKTpozom 100 In. 
JlotycTuM, 4YTO KOHJeHCaTOpHad OaTapes 3apmKaeTca 0 99 % HalipsyKeHHA UCTOUHUKa MWuTaHua. B 9TOM ciryyae 
BPeMA 3apAIKM KOHJIeHCaTOpOB coctaBisaeT 0,05 c. OnHako, NOcKOIbKy BHOpaTop yepe3 KaxybIe 0,01 c 3amMbIKaeT 
QIIEKTPObI H MPOUCXOMT pa3paj, TO HallpsxKeHVe Ha KOHJEHCaTOpaXx yCIieBaeT NOAHATKCA JIMIIb WO 65 B. 

IIpumep 2. YctaHoBKa paOoTaeT B MATKOM pe2xKHMe: CMKOCTb KOHJeHCaTOpHOH OaTapen C =4 MKQ, TOK 
KOpoTKoro 3amMbIKaHuaA I[,, =0,5 A, HampsxeHne U=150B, kongeHncaTopsl 3apmKaroTca 0 99% HalilpsKeHuA 
WCTOUHUKa WHTaHua. B TOM CLy4ae BPeMA 3aPATKUM KOHeHCaTOpa cocTaBaAeT 0,005 c, Ho BHOpaTop OyeT 3aMbIKaTb 
QJIEKTpObI TONbKO uepe3 0,01 c. B 9TOM ciryyae pomlecc MpocTaMBaeT B OXRKUMAAHMM OUepeHOrO 3aMbIKAHHA 
9IEKTpO0OB OKOIIO 50 % BpeMeHH. 

OnqHOM 3 OCHOBHBIX TIPWMYHH OFrpaHH4YeHHOCTH TOJINIMHBI COA MOKPbITHA ABIIACTCA BO3HHKHOBeHHEe 
XMMHMYeECKHX peaKIMM MexK]Y MaTepwasIOM 93IeEKTpOqa WM OKpy2xKaroljenw ero cpeqow B MWpomecce sJerMpoBaHna. 
OKCHePpUMeHTAIbHble JaHHble WOKa3aIW: YeM OOJIbINe MHEPTHOCTbh OKpyKarollleH cpebl, TeM BBIINe TOMNycTHMaa 
YHCIbHad TpOAOJDKUTeIbHOCTH JIerMpOBaHHA UW TeM OOsIbINe MaTepHasa MOKPbITHA MOXKHO HaHeCTH Ha KATO. OWHaKO 
M B WHeEPTHbIX cpeax C YBeJIMYeCHHeM TIPOAOJDKUTeIbHOCTH JIerMpoBaHna HaOsOWaeTcA yMeHbIMeHHe KOJIM4eCTBAa 
MaTepHasla, OCaxKTarolleroca Ha KaToe. 

IIpuMeHenve BakyyMa JIA yCTpaHeHHaA BIIMAHHA XMMMYCCKHX BJICMCHTOB 3allIMTHOM cpeyibI Ha COCTaB 
NOKPbITHA TWOTpeOyeT 3HAYHTeIbHOrO YCNOXKXHEHHA UW YOPORKaHUA YCTAaHOBOK IICKTPOMCKPOBOrO JIerHupoBaHuaA. 
Ilostomy npuMeHeHue 3allMTHOH Cpeybl, HalIpuMep, yruiekucyoro ra3a Awa QUI apnaerca WpeXTOUTUTeJIBHBIM. 

Jina uccneyoBanua TexHonoruHn OVI mpumMensatach MOjepHu3nHpoBaHHad ycTaHoBKa QOV-25 (puc. 2). 
OcHopy ee CHJIOBOM YacTH COCTaBIIAeT OHOda3HbIM TpaHcdopMaTop C MOBBILICHHbIM paccesHHeM, CeJICHOBbIN 
BbINpAMUTeIb UH OaTaped KOHZeHCaTOpoB. IlepBu4Had OOMOTKa TpaHcdopMaTopa MMTaeTcA OT OFHOda3HOU ceTU 
II€PCEMCHHOLO TOKA TMIPOMBIMJICHHOM YaCcTOTHI C HalIpsxKeHHeM 220 B vepe3 mpeqoxpanutesb Ha 5 A UW ABYXIOJIKOCHBIN 
BbIKIIOUATeIIb. BEITIPAMUTeIb YCTAHOBKU JBYXMOJyNepHOAHbIM. Katoy (oOpadaThiBpaeMad JleTasIb) 3a3e€MJICH. 
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Puc. 2. OWeKTpwyeckas CXCMa MMTAaHWA MC2KIJICKTPOAHOTO IIPOMe@7KyTKa YCTAHOBKY JICKTPOHCKPOBOPLoO JICrUpOBaHNdA: 
JI; — ceneHoBbiii BbINpsAMUTesIb; C — OaTapes KOHZeHcCaTopos; R; — OamacTHOoe comnpoTuBieHve; Ry — TOKOOrpaHH4NTelbHoe 
compoTupienue; J[, — Bentusu; A — amiepmetp; V — BouIbTMeTp 

Ha BbIxojle BBITIpAMUTeIA HallpsKeHHe MeHsAeTCA OT 15 WoO 220 B ttyTeM NepekIHOUCHHA BTOPHYHON OOMOTKH. 
BeHTHJIM pa3esId1OT HHU3KOBOJIbBTHYIO H BbICOKOBOJIBTHYIO 4aCTH YCTaHOBKH, YTO MpenATCTByeT MpoOOor BbICOKOrO 
Hanps2KeHuA B RC-reHepatTop, KOTOpbI IipesqHa3sHa4ueH JIA MOUYIeHUA UCKPOBOrO pa3paya. TeHepatop BbIpadaTHIBaeT 
MMIyJIbCbI TOKA B Mama30oHe yacToT 100-6001. Dro onTHManbHble 4acTOTbI, KOTOPble OlpeweseHbl B XOJe 
9KCICPHMECHTOB C pa3sHbIMH MaTepHaslamun. PadoTta ycraHoBKu DVJI Bue sTOrO WMala30Ha MPMBOJNT K yXyJIIeHH1O 
WOKa3aTeseH TEXHOJIOTMYeCKOLO Mporecca. 

ABToMaTu3alina Wpomecca IVUJI u nocTOAHHbIM KOHTPOIb CFO MapaMeTPOB MO3BOJIAIOT OOCCHEYHT BbICOKY!O 
IIPOW3BOJMTCJIbHOCTh UW MOJYYNTh KaYeCTBCHHOe TBepAOCHNaBHOe MOKpbITHe. ITO OOecMe4HBarOT, B YACTHOCTH, 
amilepMeTp A, lpeyqHa3HaueHHbI DJIA KOHTPOJIA TOKa B Tel MWMTaHWA MeXKIICKTPOAHOrO 3a30pa, HM BOJIbBTMeTp V — 
JIA KOHTPOJIA HallpsrKeHHA B eM MWHTAHUA MexKIIEKTPOAHOLO 3a30pa (pu. 2). 

Ha MoyepHu3upoBaHHOH YCTaHOBKe B KayeCTBe HCTOYHHKAa MMTaHWA yCTaHOBJIeH ABTOTpaHcopMarop, 4TO 
MO3BOJIAeT OeccTyMeHYaTO peryIMpOBaTb HanpsxKeHHe Ha MeXKIICKTPOHOM poMexyTKe 0 200 B. YctraHossena 
aHesIb MWepeksrOuaTeseH CMKOCTH KOHJICHCaTOpHOHM OaTapen JI CTyMeH4YaTOrO H3MeCHCHHA CMKOCTH MCTOUHNKAa 
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NMTAaAHUA MeXKIICKTPOAHOTO pa3spaya. CyMMapHad CMKOCTb KOHJeCHCaTOpHON OaTapen — 120 MK®, unucyIo crymeHel 
TrepeksroueHun — 16. 

Be3o0macHocTb padoTsl Ha yCTaHOBKe OOeCHeYMBAaeTCA Pa3eJIMTeIBHbIM TPAHCMOPMATOPOM C KOIMMuIMeHTOM 
TpaHcdopmarun K = 1:1 Mexyzy TpaHcdopmMaTOpoM UH 3JIeEKTpOJaMU yCTaHOBKH. TexHosorMyeckne pexKUMbI padoTbl 
ycTaHoBoK OVMJI aia HaHeceHuaA TOKpPBITHM, JIerMpoBaHuaA UW yMpOuUHeHHA, B OCHOBHOM, 3aarOT cCJleqyroulue 
lapaMeTppl: 

@ Hallps»KeHHe Ha MEXKIIICKTPOHOM IIPOMexXyTKe; 

® CEMKOCTb KOHACHCaTOpHON Oatapen; 

© 3ApAIHbIM TOK WIM MpOMeHT 3apsAKU KOHJCHCaTOPOB OT Hallps»KeHHA Wenn. 

Pe3yJIbTaThI HCCIeOBaHHA. UTOObI OMpeAeIHTb BO3MOXKHOCTb peryIMpOBaHHA MapaMetpoB IVI, koTopsie 
TOJDKHbI OOeCHeYMBATbCA MOJCPHH3HPOBaHHOHM YCTaHOBKOM, MpOBeJIeHbI SKCIICPHMECHTbI MO 3JIEKTPOHCKPOBOMYy 
yYIIpO4HeHHIO TBepybIM cryaBoM TIS5K6 wmdosaHHbIx oOpa3l0B w3 cTramm 45 c pa3mMepamu 25x25x25 MM. 
OKCIePUMeHTHI NPOBOAWINCh O63 HCHOJIb3OBAHUA 3all[MTHOTO raza B 30HE HAHECCHUMA MOKPbITHA HU C UCIOJIb30BaHHeM 
yIJICEKMCJIO“O ra3a B KAYeCTBE 3allMTHOH cpeybI. B pe3ysbTaTe NOATBeEp%xKeHa BO3MOXHOCTH BbIOOpa U perysMpoBaHHnaA 
napamMetpos OVJI. B yacTHocTu, Wa yHOMAHYTOTO Wpollecca BbIOpaHbl CilesyrOllNe WapaMeTpbl 3ICEKTPOUCKpOBOH 
yCTaHOBKH: cusia TOKa I = 1-2 A, Hattps»xeHue U = 40—75 B, emkocTb KoHyeHCaTOpHoH Oatapen 60-100 MK®. 

Pe3yIbTaTbI ONbITOB O6e€3 MPHMMeHeHHA yIIeKMCOrO ra3a MOKa3asiv: pW HaHeCceHHu TBepysOTO ciijlaBa Ha 
MOBepxHOcTb cTamM 45 mp MMHUMaIbHOM Halips#xKeHHH WM MMHUMAJIbHON CHJIe TOKa IOBepXHOCTb MaTepnasia 
yYIIpOUHAeTCA HepaBHOMepHO 43-34 TpWIMMAaHHA IeEKTpOa K OOpadaTHIBAeMOM MOBePXHOCTH; MUHMMAasIbHOe 
HallpsoKeHHe BEET K Pe3KOMY YBeJIMYeEHHIO NOPHCTOCTH HAHOCHMMOTLO MOKPbITHA; TOJMHa HAHECCHHOrO CJIOA Masia U 
He lpespmaet 0,1 mM. IlopepxHocTb HepOBHas, pbIxXJIad#, CO CleqaMH OKCHJIOB, IIpH4eM, UYHMCIO MpOW3BOJIBHBIX 
IIpOXOJOB JIErMpyrollero BIEKTpOa, T. €. IPOXOOB, IPH KOTOPHIX IPOMCXOAUT yBeJIM4eHHe TOJMMIMHbI yIpouHeHHOoro 
CIOA, He MpeBbIIlaeT BOCbMH. CBxA3aHO 39TO C POCTOM TePpMH4YeCKHX HalpsKeHHUM, OOYCIIOBJICHHbIX JIOKAJIbHbIMU 
TrepemayjaMu TeMilepatyp Ha rpaHule WaKMpy!OIHi COM — OCHOBa UW IIpeMMylIeCTBeEHHO afre3HOHHBIM XapaKTepoM 
CBA3H TlaKMpyrollero COA C OCHOBOM. Kpome Toro, TBepAOCTb WwaKMpyrolero COA HWKE TBEPAOCTH 9IeKTpoa. 
Harpumep, UCII0JIb30BaHHBIe B IKCIIEPHMECHTAax MJIaCTHHbI 43 TRepAOTO criaBa T15K6 umes TBepyocTb 85—90 HRC, a 
B IJIaKMPY!OleM Cie TOT MaTepHas UMeeT TBEpAOCTb 80—85 HRC. 

B cyeayrouleni cep OMBITOB JIA MpeOTBpalleHHA OKHCIICHHA B 30HY HaHeCeHWA MOKpPbITHA MOMaBasIcA 
yIIeKMCIbIH a3. ITO NMO3BOMIO MpH Tex %*e 93IeKTPH4eCKHX TapaMeTpax YBeJIM4MTb YACIO Mpoxoos, 
COOTBETCTBEHHO YHCJIO HAHOCHMMBIX CIOeCB MOKPbITHA, WO WBaqWaTH WU WOuyIaTh UTOTOBY!O TOMMY MOKPBITHA JO 
0,3 MM C IIJOTHOM CTpyKTypoi u Oe3 oKcuAOB. TlonyaeHue NOKpbITHA TaKOM TOMMIMHbI ACT BO3MO%KHOCTb HE TOJIbKO 
yYIpOUuHATh, HO MW BOCCTaHaBJINBaTb Pa3sMepbI M3HOMWIeCHHBIX WeTaen Mallu. 

OOcy2xkKieHHe HW 3aK0UeHHA. [[OBBICHTS 9KCIIIyaTalMOHHble XapaKTepHCTHKU JeTasleH MallIMH UW pexyillNx 
MHCTPyYMeHTOB 6e3 yilepOa It IKOHOMMYeCCKHX TOKa3aTesieH BO3MO2%KHO C MOMOIIbIO HaHeceHuA Ha UX padoune 
TOBeEpXHOCTH MOKpbITHH MeTOAOM JQVJI. PaccmarpuBaemas TexHOJIOIMA 3a CYeCT TOUCUHOTO HarpeBa, Ip KOTOPOM 
OTCYTCTByeT JedopMalMA MOTIOKKU (OCHOBBI), UH JOKaIbHOrO HaHeCeHHeM TMOKPbITHM MO3BOJIACT BOCCTAaHaBJINBaTb 
pa3MepbI leTasei cioxKHOM KOHdUrypallMu, yTpadeHHbie B pe3yJIbTaTe V3HAaIIMBaHHA. ITO BO3MO%XKHO 3a CUeT 
mpumMeHennsa ia QUI 3anjMuTHoOU cpeybI B BME yrIeKUCIIOIO 1a3a, T. K. WO3BOJIACT YBEJIM4YUMTh TOJMIMHY MOKPbITHA 10 
0,3 MM UH QOONTHCA CFO MIOTHOU CTPyKTypblI, He HMeIOMLeH OKCHOB. 

3Ha4eHHA MapaMeTPOB 3IEKTPOMCKPOBOTLO JIeTHpOBaHHA CyI[eCTBCHHO BJIMAIOT Ha MHTCHCMBHOCTb HaHeceHHA 
MOKPbITHH WU KayecTBO TOJyYaeMOoN WoBepxHocTH. IloBbieHHe dIeKTpH4eCKHX MapaMeTpOB BeeT K YBeJIM4eCHHO 
WHTCHCHBHOCTH KaKOrO OTeCIbHOrO 93JICKTPH4eCKOTO pa3psaqa HU, B OMpeesIeHHbIX peyemax, cmocoOcTByeT 
MOBbILMCHHIO KOJIMYeECTBA MIePCHOCHMOTO MaTepHasia NOKPbITHA U OoNee riryOOKUM MpeoOpa30BaHHAM B TOKPbIBAaeMOM 
IIOBEpXHOCTH (B 30HE pa3psAa). 

TakuM oOO0pa30M, YCTaHOBKy 9JICEKTPOHCKpOBOrO JIerMpOBaHHA, OCHaIlIeHHy!O CpeJCTBaMH KOHTpOIA U 
JMarHOCTHKH, a TaK2Ke CHCTEMOM MOAAd 3all[MTHOTO Ta3a, MOXKHO UCIOJb30BaTb JIA yYIPOUHeEHHA UW BOCCTAHOBJICHHA 
yeTasleH MallnH UW pexkyIMx MHCTPyMeHTOB. 
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TenJI0Bou pacueT KOHCTpyKIMH 
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Beedenue. PaccMoTpeH TersIOBOM pacudeT OObEMHOM KOHCTPYKIIMM C UCIOIb3OBAaHHeM MeCTOJa KOHCYHBIX IJICMCHTOB. 
Ilo nmaHam Muunnuctepctsa dHepreTukn PO B cTpaHe B OM Kalle rosbl Oy eT CO3aHa MOI[Had MHALYCTpuA BETPOBOH 
9HepreTHKH. B cBa3M C 9TMM pacueTHI Mp MpOn3BOACTBe CTPOMTeJIBHBIX KOHCTPyKIIMM BeETPpOSHEpreTH4eCKHX yCTaHo- 
BOK B HacTOAee BpeMA TpHOOpertatoT OoubMICe 3Ha4YeHHe. I[pou3BOCTBO TaKUX KOHCTPyKUMM u3 CTeKIONacTuKa 
IpeyicTaBIaeT COOOM CNIOXKHbIM TePMOXHMHYECKHH MpOLMecc, BKIFOUAIOMIMH NOUMMepu3allMto CBA3YIOMero pu CTporo 
3A[AHHBIX TeIMJIOBbIX pexkuUMaX. LlebrO paOoTh! ABIIAeTCA paspaOOTKa MCTOJUKU TpeXMepHOro KOHC4HO-3JIEMCHTHOTO 
pacueTa HecTal[MOHapHOro pexkuMa HarpeBa COCTaBHOM KOHCTPYKIUMU COX*KHOK POpMBI. 

Mamepuanoei u memoooi. OrpeyeseHve Nose TeMMepaTyp KOHCTPyKIMH CIOXKHOUN POPMBEI, BEITOJIHCHHOM U3 HEOHO- 
POTHBIX MaTepHaOB, IIPHBOAUT K HeEOOXOAMMOCTH MPHMeHeHHA YMCJICHHbIX MCTOJOB U, B MepBy!O O4epeyb, MeTOa 
KOHECYHBIX IJIEMCHTOB. KOHC4YHO-3JIEMCHTHOE MOJeIMpOBaHve MOBEACHHA KOMMO3HIIMOHHBIX MaTepHasIOB IIpH MopMo- 
BaHHM JO HaCTOAMIerO BPeCMeHH OCTaeTCA He3aBepIIeHHbIM. Jia YaCTHUHOrO ee PelleHHA BbINOIHeHA aaliTaluA 3- 
BECTHOIO ypaBHeHHA TeEMJIONPOBOAHOCTH JIA KOHKPeTHOM 3aa4nH Ha OCHOBE MepBOro 3aKOHa TepMOJMHAaMHKU. IIper- 
JIOHKCHbI HOBbIC KOHCUHO-IJICEMCHTHBIC MO CIM, OMMCHIBAIOIIHe TeEMIOBbIe MOJIA B KOHCTPyYKUMU Ip ee H3rOTOBJICHHH. 
OnpeyeseHa TOUHOCTS MOACIIMPOBaHHA TeIIOBbIX Ipoeccos. IIpoBpeqeHo 4McIeHHOe MOACIIMpOBaHHe Harpesa. 
Pezyieomamoi ucciedoeanua. Peilenue 3aa4u BBbITOJIHEHO B MHOrO*yHKIMOHaIbHOM TpOrpaMMHOM KOMIIIeKce 
ANSYS c peamu3anvev MeTOAUKH pacueta Ha A3bIKe MapaMeTpuyeckoro mporpammMupoBaHna APDL. Paccuntansl 0- 
JIA TEMIepaTyPpbI JIOMACTHBIX IICEMCHTOB BETPOSHEpreTHYeCKHX YCTaHOBOK Ha 9Talle UX H3POTOBJICHHA, ITO MO3BOJIMIIO 
BbIABHTb XaPpaKTePHble OCOOCHHOCTH TEXHOJIO“MYeCKOTO TIpolecca MpOW3BOJCTBa JaHHbIX KOHCTpyKUMi UM MOUYIATb 
peKOMeHallMuu 10 YTOUHEHHEO Mpolecca UX CKIIEMKU. 

Oocyscoenue u 3akio4enua. Ilony4eHHble pe3yiIbTaTbI MOTYT ObITb MCHOJIb3OBaHBI B TeMJIOBbIX pacueTax 3JIEMCHTOB 
CTPOHTEJIBHBIX CJIONCTbIX KOHCTPYKUMH CHOXKHOM POPMbI W3 KOMMO3HIMOHHBIX MaTepHasIOB B BETPOSHEepreTHKe, Ma- 
INMHOCTPOeHUH, ABMACTPOCHHH, CYOCTPOeHHH, IpHOOpocTpoeHHH UT. J. 


Kuu0vesvle coed: KOHC4HO-3JIEMCHTHBIM pacueT, TeMMepaTypHoe Mose, HeMeTaJIM4eCKad KOHCTPpyKIUHA, TeEXHOJOrH- 
YeCKHH Mpolecc, MOesIMpoBaHne. 
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Building structures thermal calculation 
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Introduction. The thermal calculation of a volumetric structure using the finite element method is considered. Accord- 
ing to the plans of the Ministry of Energy of the Russian Federation, a powerful wind energy industry will be created in 
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the country in the coming years. In this regard, calculations in the production of building structures of wind power 
plants are currently becoming a challenge. The production of such fiberglass structures is a complex thermochemical 
process, including the polymerization of the binder under strictly specified thermal conditions. The work objective is to 
develop a method for three-dimensional finite element calculation of the non-stationary heating mode of a complex- 
shaped composite structure. 

Materials and Methods. The determination of the temperature fields of a complex-shaped structure made of inhomoge- 
neous materials causes using numerical methods and, first of all, the finite element method. The finite element modeling 
of the behavior of composite materials under molding is still incomplete. For its partial solution, the well-known heat 
conduction equation is adapted for a specific problem based on the first law of thermodynamics. New finite element 
models describing the thermal fields in the structure during its manufacture are proposed. The accuracy of modeling 
thermal processes is specified. Numerical simulation of heating is carried out. 

Results. The solution to the problem was performed in the multifunctional software complex ANSYS with the imple- 
mentation of the calculation method in the parametric programming language APDL. The temperature fields of the 
blade elements of wind power plants at the stage of their manufacture were calculated, which made it possible to identi- 
fy the characteristic features of the production process of these structures and to obtain recommendations for clarifying 
the process of their gluing. 

Discussion and Conclusions. The results obtained can be used in thermal calculations of elements of complex layered 
structures made of composite materials in wind power, mechanical engineering, aircraft, shipbuilding, instrumentation, etc. 


Keywords: finite element calculation, temperature field, nonmetallic structure, technological process, modeling. 
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Baejenne. Temiopple pacueTsl 1p MpOu3BOJCTBe CTPONTeEJIBHbIX KOHCTPyKIIMM BeTpOIHEpreTHY4eCKUX ycTa- 
HOBOK B HacTosiee BpeMA MpHoOpetaroT OombUIOe 3Ha4eHne. Ilo mnmaHamM MunuctepctBa 9HepreTuKH P®' 8 CTpaHe B 
OnMKaiiiMe roubI Oy eT CO3qaHa HHYCTpuA BETpOBON BHepreTuHKH. B 2016-2017 rr. B Hee IpHIM KpynHble poccui- 
CKHe HW MHOCTpaHHble HHBECTOPHI, KOTOPbIe B3AJIM OOA3ATCJIBCTBA IO Pa3BUTHEIO TEXHOJIOrM4eCKON HU WpOW3BOACTBeHHOM 
Oa3bl. YCTpaHAIOTCA OCHOBHbIe HeJOCTATKH JIOMACTHbIX BETPOSHEPreTHYeCKHX YCTaHOBOK IyTéM COBepIICHCTBOBaHHA 
WX KOHCTPyKIIMM MW TeXHOJIOrMM W3roTOBJIeHHA. B TepBytO OYepedb 9TO OTHOCHTCA K JIOMACTAM, KOTOPBbIe ABJIAFOTCA 
OCHOBHbIMH 3JICEMCHTAMH BETPOTYPOHHBI, KOHI[TCHTPUPYy!OIMMU TyaBHY!O HHTCJWICKTYaJIbHY!O COCTABJIAIOMLYIO yCTa- 
HOBKH. I[pou3BOCTBO CTeKIIOMIACTHKOBOM OMacTH WpeycTaBsdeT COOOM CHOXKHbIM TepMOXHMHYeCKHH Mporecc, 
BKJIFOUAIOMIMN MOJMMepu3allMtO CBA3YFOINerO IIpH CTpOro 3a7aHHOM TeIMJIOBOM pexuMe. B cBa3H C 9THM TOUHBIN pac- 
yeT TeEMIepaTypHbIx MOJIe B Tee JOMAaCTH Mp ee POPMOBAaHHU UMeeT OOMbIUIOe IpakTH4eCKOe 3HadeHHe. 

OnpejemeHue Nose TeMilepatTyp KOHCTPYKIMM CIO%KHON (OPMBI, BbIMOJIHCHHOM U3 HEOAHOPOHbIX MaTepua- 
JOB, IPHBOAMT K HEOOXOAMMOCTH MpHMeHeHHA B pacueTax YMCJICHHbIX MCTOJOB HU, B MepBYy!O OYepeb, MeTOa KOHe4U- 
HBbIX 9JIEMeHTOB (MK9). IIpoOsema KOHeYHO-3JIEMCHTHOTO MOJCJIMPOBaHHA KOMIO3HIIMOHHBIX MaTepHasoB pu dop- 
MOBaHHH OCTaeTCA JO HACTOAMerO BPEMeHU HepelleHHOH. ITO OMpeeIAeCTCA CIOXRKHOCTHHO MOBEACHUA KOMIIO3HTAa Kak 
HeOJHOPOJHOrO MaTepHaia, OONaarolllero APKO BbIPAKeHHbIMU TEPMO3ABHCHMbIMU PU3M4eCCKUMH, B T. 4. peouoOrM4e- 
CKHMU CBOMCTBaMH, OCTaTOUHbIMH BHYTPCHHMMH ABJICHHAMH, CTapeHHeM UH Jp. 

CoBpeMeHHBbIe MOJIeJIM YAIMTHIBAIOT AHV3OTPOTIHOCThb MaTepHasia, ero WIacTH4ecKoe MOBE CHUM IPH CJIOXKHOM 
Hallps9KeCHHO-JePOPMUPOBaHHOM COCTOSAHUH HU Jp. Tak, B padoTax [1, 2] uccueqOBaHbI TeMMepaTypHble CBOMCTBa KOM- 
MO3SHIIMOHHBIX MaTepHasios. JI OOOCHOBAHHA HU MOATBEpKTCHUA BIIMAHUA paciipeyeseHuA HU OPHeHTAallMH yupoOUHsAto- 
IMX 4acTHI, Ha KOSMUIMeHT TeMMepaTypHOro paciIMpeHuA MaTepHasia aBTOPaMH BBIMOJIHCHO KOHCYHO-3JIEMCHTHOe 
MojlemMpoBaHne. IIpu reoMeTpHuecKOM MOCTpOeHHH 3a OCHOBY ObIJIa IIPHHATa peasIbHad MUKpOcTpyKtTypa. PacueTamu 
YCTaHOBJICHO, 4TO IKCIMEPHMCHTAaJIbHO OOHapy2KeHHad AHV3OTPOMMA TeMIMepaTypHbIX CBOMCTB OOBACHACTCA BHYTPeCH- 
HMMM Hallps2KeHUAMH B KOMIIO3HTEe, 3ABMCALIMMU OT OPHeHTAalMu HalOHUTeIA. 

Muorne uccyleqOBaHiA MOCBAIICHbI pacueTaM JBYMepHBbIX MOJesIeH ADMUPOBaHHbIX KOMIIO3HIMOHHBIX MaTe- 
puanos. Jia anasM3a UW ONTHMM3alMH CBOMCTB KOMIIO3HTa MpeswyIO#KeHa pacu€THad KOHCYHO-3JIEMeHTHad CXeMa, yUH- 
TbIBaFOlad ero TeMMepaTypHble cBolicTBa [3]. C nomombro MKD paccuntaHbl MOA OCTATOUHBIX Hallps9xKeHUH, OOpa- 
B3YIOINMXCA B MaTpHIle B pe3yJIbTaTe TePMHYeCKON OOPAaOOTKH JIA MOJeIM KOMMO3HTAa, BKIFOUAFOlero apMupyrlomlue 
BouIOKHa [4]. C ucnob30BaHHeEM KOHC4HO-3JIEMCHTHOM MOJeIM paccuutTaHbl 9PdeKTHBHbIe yupyrue xapakKTepuCTHKU 
MHOrOCJIOHHOrO KOMMO3HI[MOHHOrO MaTepHasia, IpW4eM KaxKbIM COM OMMCbIBaICA COOCTBCHHbIMH TepMOMexaHHye- 


'Bo300HOBIAeMad 3HepreTHKa B Poccuu cocTosach Kak OTpacib / MHHMCTepcTBO 9HepreruKH poccuiicKolt cbexepauun // minenergo.gov.ru : [caiit]. 
URL: https://minenergo.gov.ru/node/10307/ (gata oOpateHusa: 04.02.2021). 
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CKHMMH CBOMCTBaMH [5|. Moaenupospanve NOBeeHHA AHV3OTPONMHBIX MaTepHasIOB MU Apyrve BOMpOocbl TepMOHarpyxe- 
HUA WpOahasIM3HpOBaHbI TakxKe B padotax [6—13]. 

BoIbUIMHCTBO UCCIeOBaHHH, Oa3MpyIOWIMXCA Ha KOHC4YHO-3JIEMCHTHOM aHasIv3e, BbITIOJIHCHbI C HCIIOJIb30Ba- 
HHeM YHUBepCcasIbHOM IporpaMMHoN cucTembI ANSYS, NoO3BONAFOMIeM pelllaTb JIMHeMHbIe U HeJIMHeEMHbIe, CTalMouap- 
Hble H HeCTallMOHapHble MpOCTpaHCTBeHHb!le 3ajauv Temsonepeyauwu u TenoO0OMeHa. Harmpumep, c nomombIO ANSYS 
pelleHsI 3aaa4n: 

© HeCTal[MOHapHOro HarpeBa KOHCTPyKUMM TPH HasIHM4HM 3aBMCHMOCTH OT BpeMeHH KOIPPUUMeEHTAa KOHBEKUMH > 

© TeINIOBOFO paclIMpeHHA IIEMCHTOB Ip MHTCHCHBHOM Harpese’; 

© TeIMIOBbIAeCHHA Tp WlacTM4uecKoii Fedopmauun’; 

© llepeya4H TeMIOTbI B MHOTOCIOMHBIX KOHCTpyKUMAX Yepe3 rpaHUlly pa3ea cpex” u Op. 

UccneqopaHuto mpoleccoB OOpaOoTKH MONMMepHbIX KOMMO3HIIMOHHBIX MaTepHasIOB MOCBALIeCHbI paOoTbI 
C. H. Wlesuosa, Hampumep [14]. Hecmotps Ha Oombiioe KONM4eCTBO paOoT, MOCBAII[CHHbIX YHCIICHHbIM TeIIJIOBbIM 
pacueTaM, aKTyaJIbHOCTb OICHKH TeIMJIOBOrO pexkuUMa (OPMOBaHHA KOHCTPYKUMH JIOMACTHbIX YCTAHOBOK COXpaHsAeTCaA. 
IlopbitieHve TpeOoBaHHii K Ka4decTBYy IIpOH3BOJICTBa DJICEMCHTOB BeCTPOTYPOHH IIpHBOAUNT K HEOOXOAMMOCTH JasIbHeH- 
Iero yYTOUHeEHUA MaTeMaTH4eCCKHX KOHCYHO-3JICEMCHTHBIX MOJeIeH Temmomepeyqaun Ha OCHOBe OoOsIee NOUHOrO y4eTa 
BHeIIHUX HW BHYTPeCHHHX (PakTOpPoB. 

[lembio paOoTsl ABIIAeTCA UCCIEOBaHHe HeECTalMOHapHbIXx MOeH TeMMepaTyp COCTaBHOM KOHCTPYyKIMH CjIO%K- 
HOM OOBeEMHOM (OPMBI JIOMACTHOTO BIEMCHTa BETPOSHEPreTHYeCKON YCTAaHOBKH B MIporecce ee W3rOTOBJICHHA pu yyeTe 
(pH3H4eCKHX OCOOeCHHOCTeH HW reOMeTPH4eCKUX HeMHeMHOCTeH. OHA 43 KOHCTPyKIIMH COCTOUT U3 JIOHXKeEPOHAa HU XBOCTO- 
BOrO OTCeKa, YaCTH KOTOPBIX BBITIOJIHCHBI H3 CTEKIOMJIACTUKAa, pe3HHbI, BCIICHCHHOrO MW1IacTHKa U Ap. XBOCTOBOM OTCeK 
W3rOTAaBJIMBaeTCA MO KJICCBOM TeEXHOJIOPMH B CHeIMaIbHOM IIpHCHOcoOsIeHHH, KOTOPOe COCTOHT M3 BepXHero HM HWKHETO 
IOJIYKOPITyCOB C MOLIHbIMH peOpamn 2%xKecTKOCTH. Mex ay HUMM 3akabIBAcTCA JOMACTHOH JIeMeHT. Jat ero KadeCTBEH- 
HOW CKIeHKH HEOOXOAUMO CTPOFO BbIJepxKUBAaTb CKOPOCTb HarpeBa U TeMIlepaTypy BbIep2xKKU B KJICeBbIX IIBaX. 3ayqaHue 
TCIJIOBOLO PCXUMA OCYIICCTBJIACTCA Pa3MCILICHHeM TIPHCHOCOOeHHA C OTCCKOM B HarpeBaTesIbHOH edn. 

IloctaHoBka 3ayja4 paOoTbI COCTOMT B CileyrouleM. TpeOyetTca Co3qaTb KOHCYHO-3JIEMCHTHY!O MOJeJIb Harpe- 
Ba JIOMACTHOTO 3JICEMCHTAa MPH ero POPMOBAaHHH, PacCuuTaTh OOBEMHbIe MOJIA TEMMepaTypbI B OOOH MOMeHT IIporsec- 
Ca, OMpeeIMTb TOUHOCTh MOCIMPOBAHHA TeIMJIOBbIX IIPOIeCCOB B TeJIe KOHCTPYKIMNH, a TakKxKe CPOPMUPOBaTb rpaduKk 
HaOopa TeMIlepaTypbI B TeuH, OOecHe4nBarOllM TpeOyeMbI pexKUM HarpeBa KJICeBbIX 30H OTCeKA. 


MarepnaJibl 1 MeTOAbI. OCHOBOM TeIJIOBbIX PaCuUeTOB ABIIACTCA YTBEpxKTeHve MepBOrO 3aKOHA TepMOJMHAa- 
MUKU O TOM, 4TO KOJIMYECTBO TEINIOTHI, MOJYAYCHHOe H30JIMPOBaHHOM CHCTeMON, 3aTpauMBaeTCA Ha U3MCHeHHe ee BHYT- 
peHHeli dHeprun. IIpuMenntesIbHO K 3JIEMCHTapHOMy OOBeMy ITO YTBep2%KJCHHe MO2XKHO BbIPa3sHTb MATeCMaTHYeCKU: 


T T 
pc(OT / or + {V3 {L}T )+{L} ig} =4,. (1) 
rye Pp — MIOTHOCTb MaTepnasia; c — yJeJIbHad TelmsIOeMKOcTh; 7 — Temiepatypa; t — Bpema; {gq} — BeKTOp TelIOBO- 
TO IlOTOKa, dv — TCIIJIOBbITeCsICHHYVe CHUHYUGHOTO OObeMa. 


BekTopHblii ollepaTop \L} WM BeKTOp CKOpocTH \V} JA TerNOMepeyqaun, peasiu3yeMon Maccon: 


Os 
Ce ie 
V. 


rye X, y, Z — KOOPpAMHATHI. 
Ilo 3axonHy Mypbe TemOBON MOTOK CBA3aH C TpayMeHTOM TeMMepartypEI: 


(g = [PRES (2) 
rye [D] — mMatputia TersIOMpoOBOHOCTH: 
* Thermal Time-Transient Loading and Solution in Ansys / SimuTechGroup //  simutechgroup.com : [caiit]. — URL: 
https://www.simutechgroup.com/tips-and-tricks/fea-articles/97-fea-tips-tricks-thermal-transient. (qaTa oOpameHua: 04.02.2021). 





3 


Extreme Thermal Expansion Modeling in Ansys Mechanical Workbench / SimuTechGroup // simutechgroup.com : [catitT]. — URL: 
https://www.simutechgroup.com/tips-and-tricks/fea-articles/139-extreme-thermal-expansion-modeling-in-ansys-mechanical. (aqata oOpareHua: 04.02.2021). 

* Heat Generation in Plastic Deformation Using Ansys Mechanical APDL and Workbench V14.5: Application of the New Act Module / Si- 
muTechGroup // simutechgroup.com : [car]. — URL: https://www.simutechgroup.com/tips-and-tricks/fea-articles/171-fea-tips-tricks-ansys-heat- 
generation-plastic-deformation. (gata o6pamenus: 04.02.2021). 

> Heat Conduction Across a Contact Element Gap in Ansys Workbench Mechanical / SimuTechGroup // simutechgroup.com : [caiit]. — URL: 
https://www.simutechgroup.com/tips-and-tricks/fea-articles/229-fea-tips-tricks-heat-conduction-contact-element-gap-ansys-workbench-mechanical. 
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XW, O 0 
[D]=| 0 A, 0 
0 O XK, 
OodsbeguHas (1) u (2), nomyauM: 
c(OT / at+{V¥ {EXT ) ={LY ([D]{L\T ) +4,. (3) 


PackppiBaa (3), MOJTyaHM: 


OT OT OT OT O OT \ oO OT \ oO OT 
pce(— + V, — +V, —+V,—)=94,+—| A, — |+—] A, — ]4+—]| A, — 
Ot Ox ° oy Oz Ox ox) Oy\ > Oy) Oz 
OcHOBHOe ypaBHeHHe TeMJIONPOBOAHOCTH JOMOHAeCTCA TPaHH4HbIMU YCIOBHAMH: 
1. 3anaHue Temmepatypbi Ha noBepxHoctu: T= 7. 


2. 3afjaHve TelmsIOBOTO TMOTOKAa Ha MOBeEPXHOCTH: 


T * 
id} yaa 
rye {n} — HOpMaJIbHbIM K MOBEPXHOCTH CAMHNYHbIN BEKTOP; g* — yJeJIbHbIM TeMIOBON MOTOK. 
3. Tenmonepeqaua COOTBeTCTBYeT 3aKOHY HbroTOHa (MOBepXHOCTHad KOHBeCKIIMA): 


{gq} {n}=0,(7.-7,), 


rye Oy— KoIPPuUMeHT Termonepenaun, 7’, — Temlepatypa Ha noBepxHocTnH, 7, — TemMilepatypa rpanvyalleli cpeyipl. 
Jina coy4ad MOCTOAHHBIX TeMIOMH3H4eCCKHX KOIPPUUMEHTOB MCCIIETYeMble TeEMIOBbIe IPOMeCCbl OMMCbIBaIOT- 
CA TPCXMEPHBbIM YpaBHeHHeM HeCTallHOHapHOH TeMIOMPOBOTHOCTH (ypaBHeHiem Dypse): 
OT OT OT OT 
Ot Ox Oy 











rye A — kos@dunuenT TensONpOBOAHOCTH. 

B cBa3H C CHMMCTPHYUHOCTHIO 3aa4W pacueT MPOBOAMTCA JIMIMIb TIA MOJOBMHbI KOHCTpyKuMu. I panu4Hsre 
YCJIOBUA JIA IJIOCKOCTH CC4eHHA OMpeyeAIOTCA H3 ycnoBUA: g = 0. 

Ha cTbIKOBOUHBIX MOBEPXHOCTAX MpesMOMaraeTcA UeabHbIM TeMIOBOM KOHTaKT, OTCYTCTBHe TepMHYeCKOrO 
CONPOTHBIICHHA: 


OT 


2 


To =P 








40 9 40° 


OT 
K, ae =k 
Ox 
KOHBeKTHBHbIe TeMIOBbIcC MOTOKH MOJBOAATCA K Hapy2KHbIM MOBepXHOCTAM TpucnocoOeHua. BHyTpeHHee 
TeIMIOBbIAeeHve Tp HarpeBe He y4uuTbIBaeTca. HayabHble yCOBUA NpewMONararoT PUKCAaLMIO MOCTOAHHOUM TeMIe- 
paTypbI 10 Bce Uccueaxyemou OOnacTu: T= To. 
3ajjaua pellieHa MeTOJIOM KOHCYHBIX 3JICEMCHTOB B MHOrO(@YHKIMOHAJIbHOM IIporpaMMHOM kKomiiekce ANSYS 
Ha A3bIKe TapaMeTpuyeckoro mWporpamMMupoBaHua APDL. KonctpykuMa HarpeBaeTca Cc Hapy2KHOM MOBepxXHOCTH 
KOHBeKIMeH. Pe3syibTaTbI pa30u“BKH TpucnocoOseHuA UH OTCeKa Ha OJIOKH, a TaKxKe Ha OOBEMHbIe TeTparOHasIbHble 
KOHECYHBIe IJIEMEHTHI MpeCTaBJIeHbI Ha puc. |. 





a) 6) 6) 


Puc. 1. CkleeuHoe IpucnocoOsleHve C XBOCTOBBIM OTCeKOM: a — OOM BU; 6 — NOBepXHOCTH MOJeIM C yKa3aHHeM HX HOMEPOB; 


6 — pa30uBKa aHasIn3upyeMOl OONacTH Ha KOHeYHBIe IJICMCHTHI 


Temmodu3v4eckne CBOMCTBa MaTepHasIOB, HCHOJIbSYeMBIX B pacueTax, IIPHBeJeHbI B TaOUuLe 1. 
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Taodsuua | 


Tenmomu3nyeckve CBOMCTBa MaTepHasIOB 


i Brilw) & To) 
[230 (710 





79% 7700 


Co3yjaHHad JIA pellleHuaA MOCTaBJICHHOM 3aa4u WporpaMMa olpeyesaeT 3HAYCHHA TeMIIepaTypbl B KaxKJIOM 
pacueTHOM y3Jle Ha MpOTA*KeHHH BCeLO TEXHOJIOPMYeCKOLO Mpolecca CKIIEHKH. 

AJIrOpuTM pacueta COCTOMT 3 CIE XYIOWIMX Waros: 

@ 3aJJaHWe UCXOJIHBIX JJAHHbIX (TeEOMeTPHHU, TeIOMU3M4eCKUX CBOMCTB, HaYaIbHOM TeMIepaTypbl H T. II.); 

e pa30uBKa OOaCcTH Ha KOHCYHBIC 3JICEMCHTHI; 

@ IIPUJIOXHKeHUe TeMOBbIX HCTOUHUKOB; 

© olpeemeHue TeMMepatypbI OOacTH B KOHLe IaroB HarpeBa; 

® BBIBO], pe3yJIbTATOB pacyeTa (TeMJIOBbIX IOTOKOB, TeEMIepaTypHBIXx Moje) Ha WeuaTb. 

Jia UpoBpepkH [paBusbHOcTH paOoTbl mporpaMMa mpoxoyMsa TecTupoBaHuve. Ha puc.2 mMoKa3aHbl 
9KCHeEPUMeHTAaIbHbIe HU pacueTHble 3ABMCHMOCTM TeMIIepaTypbI OT BPCMeHH B KIIeEeBOM 30HeE (HYWKHWe KpHBBEIle) U B 
caMou Teun (BepxHue KpuBbIe). AOCOJIOTHAA MOrpellIHOCTb pacueTa TeMIIepaTypbI B TOUKe CKJICHKU He MpeBbIlNAaeT 
5 °C, OTHOCHTeIbHad MOPpeMIHOCTh JIA peasbHO 3Ha4MMBIX TemIlepaTyp — He Oosee 6 %. 
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Puc. 2. 3aBMCHMOCTH OT BPeCMeCHH pacueTHBIX HW U3MEPeHHBIX TeMIepaTyp B KOHTPOJIBHOM UW 3ajarolleM TOUKaX 


Pe3ybTaTbI uCccIe{OBaHHA. TexHoslorMueckuii mporecc BKIKOYUaeT B CeO’ MOHOTOHHBIM, HeIIpepbIBHbIi 
HarpeB CKJIee4HOrO NPHCHOCOONeHHA UM JOMACTHOrO JIEMeHTa WO OllpeyjesIeHHOW TeMMepaTypbl HU ee NOAWepxKaHne 3a- 
jaHHoe Bpema. Pe3yibTaTbl pacueta IIpHBeyeHbI Ha pic. 3—7. Tak, Ha puic. 3 mpeacTaBIeHO paciipeyeseHue 10 OObeMy 
B OlpeIesICHHbIM MOMCHT BPeCMeHH TeIMJIOBbIX IOTOKOB B BEKTOPHOM (OpMe UH CYMMapHOe KOJIMYCCTBO TeEIMJIOTHI B TesIe 
IIpHcnocoOseHuA C OTCEKOM. 


TIME=3600 
TP TIME=3600 
TESUM 
MIN®=. 106E-03 
MAX=10315 

. 1068-03 
1146 
2292 
3438 
4584 
5730 
6876 
8023 
9169 
10315 


= 


=. 676£-06 
% =16109 

. 678E-06 
790 
3580 
5370 
7189 
8949 
10739 
12529 
14319 
16109 


wa 
= = 
~ 
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264 Puc. 3. Tensiopble NOTOKU (a) MW CyMMapHbIii Harpes (6) IpucnocoOmeHua C OTCEKOM 
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Tak Kak CKOpOCTb HarpeBa MNpHCHOCcoOJeCHHA OTHOCHTEJIBHO HeEBeIINKAa, TEMIOBbIe MOTOKH MWepepaciipejeAroT- 
CH 110 erO OObeEMYy PaBHOMEPHO U OKa3bIBaIOTCA MPHOMM3HTeIbHO OJMHAKOBbIMH MO BCeM HalipaBseHuam. HeOospmiue 
MCKJIIOUCHHA KaCcalOTCA JIMIIb peOep %#XecTKOCTH. KOHBeEKTHMBHbIe TeIMIOBbIe MOTOKH MOJBOAATCA C OOKOB, HMeFOIINX 
OObILYIO MWIOMWAb, a OTROAATCA TEMIOMNPOBOHOCThIO B TeJIO MOJLYKOPIYCOB 4Yepe3 y3KOe TOMepedHoe CeueHne. 

Ha puc. 4 npeycTaBiieHbI TeMMepaTypHble rpayMeHTbI B Tele IpHcnocoOMeHuA C OTCCKOM B OHH 13 MOMCHTOB 
HarpeBa. BuaqHO, 4YTO TeMIO pacipocTpaHAeTCA OT Hapy2XKHbIX MOBepXHOCTeH MpucMocoOMeHuA K BHYTPeCHHUM OOIIa- 
CTAM. TensIOBble MOTOKH HavOosIee AKTHBHO MOABOATCA B MeCTax OJIM3KHX K OOKOBOMY BKJIaJIbIlly HW MepeMellaroTca 
OJHOBPeMeHHO Kak OT OOKOBOrO BKIAbIMa, TAK U OT BEPXHero HW HWKHETO NOJyKOpiycosB upucnocoOmeHua. Ha 9TOM 
Ke PUCYHKe pescTaBIeH OOBeCMHBIM BUA TeMMepaTypHOro MOA B AaHAaIOrM4YHbIM MOMeHT BpeMeHuH. IocKosIbKy JI0- 
TacTHOW OTCeK HeEMeTAJIIM4eCKHM, ero TeIMJIONPOBOAHOCTh HU3Ka, WM paciipeyeseHue TeMMepaTypbI OKa3bIBaeTCA He- 
PaBHOMepHBIM. 


TIME=3600 
TG TIME=3600 
TEMP 
MIN=. 002522 
MAX=5736 

. 002522 
637.563 
1275 
1913 
2950 
3186 
3625 
4463 
5100 
5738 


SMN =20.006 
SMX =122.016 
20.006 
31.341 
42.675 
54.01 
65.344 
.678 
68.013 
99.347 
110. 682 
122.016 


~I 
a 














a) 6) 
Puc. 4. Bexropuple nosia rpayqMeHtTa TeMiepatypbl (a) 4 TeMnepatypbi (6) B Tee IpUcnoOcoOeHHA C JOMAaCTHbIM OTCCKOM 
3aBHCHMOCTH TeMIepaTypbI OT BPCMeHH B OTCJIBHBIX TOUKAX KJICCBOM 30HbI MpeACTaBIeHbI Ha puc. 5—7. V3- 
MeHeHHeM 3HAYCHHH 3aarOllMx TeMMepatyp OKpyxXarollleH Cpeybl MU KONM4CCTBA UX MepeKIOUCHHH MOXKHO JOOMTECA 


MaKCHMAaJIbHOrO COOTBETCTBHA Tpaduka Hadopa U BbIepxKKU TeMMepaTypbl B KICeBbIX 30HAX TpeCOOBaHHAM TeXHOJIO- 
ru4ecKOro powecca. 
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Puc. 5. 3aBucCHMOCTH TeMIepaTypbI OT BPCMCHH B XapaKTePHbIX TOUKAX KJICCBbIX 30H HU B OOKe (3eNeHad JIMHHA) TIA TEXHOJIOrM4e- = 
CKOTO pe?xKUMA, BKJIFOUAaFOMIerO [Ba MepeKJIIOUCHHA TIPU 3aaroluwux TeMiepatypax 160 u 140 °C = 
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Puc. 6. 3aBuCHMOCTH TeMIepaTypbI OT BPCMCHH B XapaKTePHbIX TOUKAX KJICCBbIX 30H HU B OOKe (3eeHad JIMHMA) JIA TEXHONOTHYe- 
CKOTO pe?xKUMA, BKIIFOUAIOMerO YeTbIpe NepeKIIOUCHHA IPH TOUHOCTH 3aaHuA TemMuepatyppl WO 10 °C 
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Puc. 7. 3aBMCHMOCTH TeMIIepaTypbI OT BPCMCHH B XapaKTePHbIX TOUKAX KJICCBbIX 30H HB OOKe (3eNeHad JIMHHA) JIA TEXHOIOrM4e- 
CKOTO pexKUMA, BKJIFOUAIOMero TP WepeKIOUeCHHA 


OOcy*KieHHe MH 3aKHOUeHHA. BeImOJHeHHBIN TeMJIOBON pacueT 9IEMCHTOB CTPOMTEJIBHBIX KOHCTPyKIMH BeT- 
poosHepreTH4ecKHX YCTaHOBOK Ha 9Talle H3FOTOBJICHHA MO3BOJIMJI BbIdBUTb XapaKTepHble OCOOeCHHOCTH Harpesa U I10- 
JIVUMTb PCKOMCHAalHu 10 yTOUHCHHEO MapaMeTpoB TeXHOJIOrM4eCKOrLO IIpolecca UX CKICMKU. 
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Beedenue. B cratbe paccMatpuBaetca poOsiemMa Harpy3KH Ha CHCTeMy 93JICEKTPHYeCKHX MPUBOOB B MapasWiesIbHOK 
KMHeMaTHYeCcKOH CTpyKType. OnucaHa 3aaya pa3paOo0TKH OTKa30YCTOMYHBOM CHCTeMBI, MO3BOJAIOMeH BbIMOJIHATb 
3aaHHbIW TeXHOJIOrM4eCcKHM Mpolecc Mp OTKa3e OAHOTO WIM HECKOJIbKUX MpHuBOOB. Lieb padOoTbr — co3qaHne 
MeTOZa OLeCHKH TeKylled WM ONOUHUTeIbHOK Harpy3KH Ha KaKIbIM MpMBO MexaHW3Ma_ MapasiiesbHOU 
KHHeMaTH4eCKON CTpyKTyppl. Pelenve MO3BOJIAeT KOPpeKTHPOBaTb PexKUM SKCIIyaTauMu pu BbIMNOJIHeHUM 
3a]aHHOro TeXHOJIOrM4eCKOrO Mporecca 6e3 yulepOa TIA MCIpaBHbIX MPUBOOB. 

Mamepuauoi u memoooi. Panee pa3pad0oTaH MeTO WHarHOCcTUpOBaHHA, KOTOPHIN Oa3supyeTca Ha pacueTe UM aHasIH3e 
KOIPMUNMEHTOB TIPAMBIX, alllpOKCHMUMpyrLOINx oOrMOaroliMe 3HaYeHHH KOIPMUUMeHTOB BeMBeT-IpeoOpa30BaHHna 
CHIHaJIOB TOKa 3JIEKTPOJBUTraTeIA C YUCTOM XapaKTePpHbIX MaCcIITAaOOB. ITO WaeT BO3MOXKHOCTH OMpeesIMTb Tekyliee 
TeXHWYeCKOe COCTOAHHE JICKTPOJBHTaTesA HW HaiTM HeucipaBHoctTH. Jlormyeckoe NpOAOIMKeHUe TWaHHOTO NoOAXo.a — 
ipeyiaraeMbId MeTO], OICHKM TeKyleH WU JONOJHUTeIbHOM Harpy3KH. OH MO3BOAeT Ha OCHOBe KOIdMUIMeHTOB 
IIPAMBIX, allMIpOKCUMUPyYIOINx OrMOarollve BeHBJIeCT-KOSPMUMUMCHTOB TOKOBOTO CHrHasia, HavTH TeKyIylo Harpy3Ky 
Ha puBog. Jia pacueTa JONOJHUTeEIbHOM Harpy3KH YUIMTbIBAIOTCA KOJIMYECTBO MH MeCTOMOJOXRKeHHe HENCIpaBHBIxX 
IIPHBOJIOB. 

Pe3zyniomamoel ucciedoeanua. Jina KaxkOro MaciiTaOa BelBeT-KOIPMUUMEHTOB OMMpeyeueHbI OTHOCHTeJIbHBbIC 
KOIPDUIUMeHTHI MU TeKyljadt Harpy3Ka Ha KaKbIM MpuBOA. IIpoBepeHa BO3MO2XKHOCTh MepepaciipeyjesIeHuA Harpy3KH Ha 
yiBa COCeHUX JJOMKpaTa, MCCIIeOBaHO NOBeeHHe CHCTeMBI B 3TOM CJIy¥ae. Harpy3ka, MepeMelijaemad HeMCIpaBHbIM 
JOMKpaToM, WlepepacnipeyesaeTca Ha [Ba COCeHHX JOMKpaTa B paBHbIX ONAxX — 10 14,76 %. OoOmlad Harpy3Ka Ha 
ipuBoyb — 44,28 %, 4TO Oe30TacHO IA CepBolIpuBOAa. Harpy3ka Ha IIpHBO, YeTBeEPTOTO JOMKpaTa He MeHsAeTCA 
(29,52 %). IpuBoybr UMeroT JOCTAaTOUHbIM 3anmac HajlexKHOCTH. YCTaHOBJICHO, 4YTO BCe TPH pexkKuUMa SKCIVIyaTauMu 
JOIYCTUMBI JIA UCCIeLYEMOTO CepBOTIPHBOJa, He BEAYT K JHHAMMYECKUM Tleperpy3KaM UH pexK]IeBpeMeHHOMY OTKa3y. 
Oocystcdenue U 3aKIIO“enUA. DKCTIICPUMECHTAJIbHbIe UCCJIEqOBAaHHA MeTOa ONeCHKH TeKyllei UW OMOJIHMTeIBHON 
Harpy3KH MOKa3aIW ero aJIeKBaTHOCTb MW BbICOKYy!O 9(eKTHBHOCTb. YcTaHOBJICHO, 4YTO MPH OTKJIOUCHHM TMpPHBOJOB 
ONHOW 43 CTOCK MexaHv3Ma CHCTeMa BbINOJIHUJIa TepepaciipeyeseHve Harpy3KH Ha TIpUBObI. TakKuM OOpa30M yaJIOcb 
w30exKaTb UX JIMHAMMYeCKHX Teperpy30K UW MpexeBpeMeHHOrO OTKa3a. 3HAYHT, pellieHHe CIHOCOOHO OOecrIeyHTb 


HajlexKHOe (PYHKIMOHMPOBAaHHe KOMIMIeKCa Ha BPCMA PCMOHTHBIX paocor. 


Kirovesvie cioea: MexaHv3M TapasiesIbHOM KMHeMaTHYeCKOM CTpyKTypbl, CHCTeMa IIPHBONOB, ONWeHKa TeKyleH U 


JOMOJIHUTeIbHOK Harpy3KH, BeEMBJIeT-MpeoOpa30BaHne, aliiapaT HeYeTKOM JIOFUKM. 
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Introduction. The problem of the load on an electric drive system in a parallel kinematic structure is considered. The 
task of developing a fault-tolerant system that provides performing a given process in case of a failure of one or more 
drives is described. The work objective is to create a method for estimating the current and additional load on each drive 
of the mechanism of a parallel kinematic structure. The solution enables to correct the operating mode when performing 
a given process without compromising serviceable drives. 

Materials and Methods. Previously, a diagnostic method was developed. It is based on the calculation and analysis of 
the coefficients of straight lines that approximate the envelopes of the values of the wavelet transform coefficients of 
electric motor current signals, taking into account the characteristic scales. This makes it possible to determine the 
current technical condition of the electric motor and find malfunctions. The logical continuation of this approach is the 
proposed method for assessing the current and additional load. It provides finding the current load on the drive based on 
the coefficients of the lines approximating the envelopes of the wavelet coefficients of the current signal. To calculate 
the additional load, the number and location of faulty drives are taken into account. 

Results. For each scale of the wavelet coefficients, the relative coefficients and the current load on each drive are 
determined. The possibility of redistributing the load to two adjacent jacks was checked; the behavior of the system in 
this case was investigated. The load moved by the faulty jack is redistributed to two adjacent jacks in equal shares — 
14.76 % each. The total load on the drives is 44.28 %, which is safe for the servo. The load on the drive of the fourth 
jack does not change (29.52 %). The drives have a sufficient safety margin. It is established that all three operating 
modes are acceptable for the studied servo drive, and they do not cause dynamic overloads and premature failure. 
Discussion and Conclusions. The experimental studies on the method of assessing the current and additional load have 
shown its adequacy and high efficiency. It was found that when the drives were disconnected from one of the racks of 
the mechanism, the system performed a load redistribution on the drives. Thus, it was possible to avoid their dynamic 
overloads and premature failure. This means that the solution is able to ensure the reliable functioning of the complex at 
the time of renovation work. 


Keywords: parallel kinematic structure mechanism, drive system, assessment of the current and additional load, wavelet 
transform, fuzzy logic apparatus. 
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Bpejzenune. B mpouecce dyHKUMOHMpOBaHHaA MexaHv3MOB TMapaliieyIbHOH KMHeEMaTHYeCKOM CTpPyKTypbl 
BO3MOXHbI OTKA3bIl OHOrO WJM HeCKOJIbKHX TMPHBOTOB. Cpe BepOsATHbIX MOCIeACTBUM: HakJIOH TJIaTMOpMBI, 
MCKPUBIIeHHe WIM 3aKJIMHMBaHHe CTOMKH, HeOMyCTUMBIle Teperpy3KH, WpexKJ[eBpeMeHHbIM OTKa3 Me€XaHH3Ma, OCTAHOBKa 
IIPOM3BOJCTBa HM CYIIeCCTBeCHHbIe MuHAaHcoBbie WoOTepu. Jia pelleHua MaHHOM WpoOueMbI CyIeqyeT CO31aTb 
OTKa30YCTOHYMBYIO CHCTeMy TPHBOAOB MeXaHH3MOB IMlapasieIbBHOM KHHeEMaTHY4eCKOH CTPpyKTypbl, MO3BOJIAFOLIeM 
KOPPeKTHPOBAaTb PeXxKUM IKCIIyaTalMu C yYeTOM TeXHW4ecKOrO COCTOAHHA. C 9TOM WelIbIO HEOOXOAMMO OMpeeMTb 
TEKYILYIO Harpy3Ky Ha KaKJIbIM UCIpaBHbIM MPHBO, a 3aTeM, 3HaA KOJIMYECTBO HW B3AaMMHOe pacnosIO*KeHe HEMCIpaBHbIx 
IIPHBOJOB, PaCCUMTaTb JONOJHUTeEIbHY!O Harpy3Ky Ha KaKbIN UCIpaBHbli. 

Matepnasbr uw Merogbi. HazexHoe PyHKIIMOHHpOBaHHe CHCTeM IIPHBOJIOB MeXaHH3MOB MapaliiesIbHOu 
KHHeMaTHYeCKON CTPyKTypbI OOecHedHBaeTCA MOCTOAHHbIM KOHTPOJICM UH OI[CHKOM TeEXHWM4eCKOrO COCTOAHUA KaxKOrO 
UCHOJIHUTeIbHOrO 3JIEMeHTa B pexKUMe pealbHoro BpeMeHH [1]. Jia sToOrO pa3spadoTaH BbICOKOS@deKTUBHBIN MeTOL 
J{MarHOCTMpOBaHHsA, OCHOBaHHbIM Ha aHasIu3e TOKa 3ICKTPOUBUTaTesA C MOMOLIbIO BeHBIeT-IpeoOpa30BaHna [2]. CyTb 
MeTOJ[a MOXKHO OMMCaTb Tak: C yYeCTOM XapaKTepHbIX MacIUITAaOOB paccuMTbIBaIOTCA 3HAYCHHA BeEMBIICT-KOIPMUUMCHTOB 
TOKa 3JICEKTPOBUTaTeA, 3ATeEM CTPOHTCA OrMOarolllad HU paccuHTbIBaeTCA ee alNpOKCHMUpyrolliad WpaAmMas. AHaIv3 
kooddulventow k u b nowyyeHHou WpAMOW MO3BOJAeT OMpeeMTb TeKylijee TeEXHU4eCKOe CocTOsAHHe MmpuBora. Ecrm 
JIA BC€X XAPAKTePHBIX MaciuTaOoB k <0, TO IpHBoy UcipaBeH, ecu Ak > 0 — HeucnpaBeH. Takum OOpa30M, 3Had 3HaKU 
Kos@d@unMeHToB k= alllipOKCHMMpPYyFOUIMX TIPAMbIX, MO%KHO OMpeyeIMTb Tekylllee COCTOAHHe KaxKOrO TpHuBOA, 
paccuuTaTb KOJIMYeCTBO UH pacnosIoO*KeHve HEUCIpaBHbIX IPHBOAOB OTHOCHTEIIBHO Apyr Apyra [3]. 

Jina mocnezyromled KOppeKTHpOBKH pexKHMa OKCIIyaTallM@Hw MexaHv3Ma apasWieIbHOM KHHeMaTH4ecKOM 
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CIPpyKTypbI HeOOXOMMO OMpeeIMTb TeKYLLyIO HW JOMOJHUTeIbHYIO Harpy3KH Ha KaxKJbIi TpHBO cucTeMbI. Pacuer 
TeKyllew Harpy3KH Ha TIPHBO OCHOBBIBaeTCA Ha aHasIM3e BCeX MapaMeTPOB allMpOKCHMUpyrollen MpAMON WA 
3aBeOMO HCIpaBHOrO HeHarpyXXKeHHOrO BJICKTpOMpUBoa, padoTalollero B HOMMHaIbHOM pexuMe. IlouwyaeHHple 
JaHHbIC =ABJIAIOTCA STANIOHHBIMH KOOpmuuMeHTamu k,,b,, C KOTOPbIMH CpaBHHBaIOTCA TeKylwe 3HaYeCHHA 


nlapametposB k, b. 3HayeHHe MaKCHMasJIbHO OMYCTHMbIX KOIMdumMeHTOB kb = MO#KHO pacc4uuTaTb 10 


max, Max 


Teperpy304uHOH CMOCcOOHOCTH deKTpoyBHTatesaA 10 TOKY K,, [4]. Torgqa Bo3MOxKHbIe H3MeHEHHA KOIPDHUMEHTOB kK, 


b BbIMHCHALOTCA 13 COOTHOMICHHH: 


ie, Ab = 2 Oo (1) 
Kak od 


JIna onpeesiIeHua BO3MOXHOCTH MOBbINICHHA Harpy3KH Ha MPWBOJbI CHCTeMbI pa3padoTaHa MOJIe/Ib Ha Oa3e 
alllapata HeyeTKoM joruKu. Bxoybl MOeIM — OTHOCHTeIbHbIe KOIdduuNeHTHI Ak, Ab (puc. 1), Berroa — 
COOTBETCTBYFOINMH KOIPDUNMEHT, NOKa3bIBAaFOLMH MpOWeHT Harpy3KU Ha ZBuTraTesb. EcsM aHHbIit MapaMeTp paBeH 
HyJIO, TO TIpHBO padoTaeT B HOMMHAIbHOM pexkuMe Oe3 Harpy3KH. Ecam on pase 100%, To aBuraTelb UMeeT 


MaKCHMaJIbHy!0 Harpy3Ky H HEOOXOJMMO MCHATb PexKUM ero paoorTHl. 
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Puc. 1. Bxoqupre 7aHHble HeEYeTKOM MOEN ONpeesIeHHA Harpy3KU Ha IIeKTPOMpUBOL 


Koppes1aH4 BBCICHHbIX MHO2KCCTB MO?KCT ObITb 3alucaHa Cc TIOMOIILbIO CIC TYIOUIMX HCYCTKHX TpaBUW J: 


Ri: ecu k ecmb k, ub ecmpo bo, mo Loadyg=l;; 


Ry: ecau k ecm k,,, 


~ Ub ecmb Dingx, mo Loadyy=l. 

J[na oOnpeyeneHHudA 3HAYCHHA BHIXOHOM MepeCMeHHOH MCIOIb3yeTCA ANTOPHTM HEYETKOLO JIOTHYECKOTO BBIBOTA 
Sugeno [5-14]. 

IIpeqnoxeHHad MOJCJIb MO3BOJACT MO pe3yIbTaTaM aHasH3a KOIPMMIMCHTOB IIPAMOM, allpOKCHMUpyrOllei 
OrMOaroOllly1O 3HaYeCHHM BeHBIIET-KOIPMUIMCHTOB, OMPeeCIMTb TeKyILy!O Halpy3Ky Ha 3JICKTPOMPHBOT B MPOMeHTAaX OT 


IpeyeubHO JOMyCTHMOM. B cyryyae OTKa3a OJHOTO UWJIM HECKOJIBKUX TIPHBOJIOB CHCTeMBI HW JOMyCTHMOM TeKyIel 
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Harpy3KH Ha UCIIpaBHble MpHBObI BO3MO%KHA KOA, ppeKTHpOBKa pexKHMAa OKCIVIyaTaywuu u WepepacipezeueHue 


BbICBOOOAMBINeHCA Harpy3KH Ha UcipaBHble MpuBob. Jia sTOrO HeoOOXOAHMMO pa3paboTaTb MOJIe/Ib pacueta 
JONOJIHUTeJIBHOU Harpy3Ku. 


PaccMOTpyM pellieHve JaHHou 3ayadu Ha TIpwuMepe MaTMOpMBI C TBeHaMaTbIO MapasJIesbHbIMU CTOMKaMH, 

Kaxkqai W3 KOTOPbIX IpeyscTaBlaeT coOow 9JIeKTpOMexaHHyecKui ZOMKpaT. PaBHOMepHBbIi TObeM WaTPOpMbI 

oOeciieuYHBaeTCA CHHXPOHHbIM, PAaBHOMEPHBIM JIBH2KCHHEM BCeX CTOeK C 3aaHHOW CKOpocTBIO. JIs1d BEITOJHeEHUA STOTO 

YCJIOBHA TPH MWpOeKTHPOBaHHW MeXaHW3MOB MapasieIbHOM KMHEMATHYeCCKON CTPyKTypbI 3aKkJIa{bIBAaeTCA PaBHOCTb 

Harpy2KeHuA MOJ{bEMHBIX KOJIOHH. B 9TOM Ciy4ae pu UcMpaBHOW padoTe MexaHH3Ma BCe TIPHBOAbI JOIOKHbI UMeTb 
IIPHMepHO OAMHAKOBY!O BHELIHIOKO Harpy3Ky 

Load 7, ~ Load jy, * ....% Load jy, « (2) 


IIpu oTka3e OJHOTO 43 MPHBOOB MepeMelijaemMad UM Harpy3kKa MepepaciipeyesaetTcaA Ha Ba COCeHUX IIpHMepHo 
B PaBHBIX JIOJIAX (puc. 2). 














on "= @. 


/40, SLoad me. [PO SLoad oe 


i 
© \ / @ 





Puc. 2. B3anMuoe ToslowKeHve HENCIpaBHbIX IPHBOAOB JOMKpaTOB UH BO3MO2%KHad KOppeKIMA Harpy3Ku 


B jja@HHOM cJIlyyae JONOJHUTeIbHad Harpy3Ka paCC4WTbIBAeCTCA M3 COOTHOIWeHHA (3) HW 3aBMCHT OT 
Koop@uyweHTa U3MeHeHHA Harpy3kuH ( L,, ) 


ALoad jy, = L,,* Load yy; - (3) 


OTOT KOOPMUUMEHT 3ABUCHT OT KOJIMYCCTBA WH B3aMMHOTO paciOJIOXKeCHUA HCMCIIPaBHbIX MPHBOAOB JOMKpaTos. 
TeopeTuyeckH KoopMuUMeHT W3MeHAeTCA B WMana30He OT 0 AO n c marom 0,5. Kosddulvent yBesm4eHua Harpy3Ku 
ABJIACTCA OMPeCeIIAFOWIMM Ip pacueTe JONOJHUTeIbHOM Harpy3KH Ha TIpHBO], MexaHy3ma. JIA ero pacueta pa3paOoTaHa 
MOJI@JIb, OCHOBAHHAA Ha IPHMeHeHHH aliiapatTa HeveTKON JIOruKH [7]. BxoabI MOJesIM — TeXHWYeCKOe COCTOAHHE KarKIOTO 
IIpHBOa Me€XaHv3Ma MapaliiesbHOM KHHEMaTHYeCKON CTPyKTYpbl, BbIXOAbI — KooPMuWMeHT W3MeCHeHHA Harpy3KH Ha 
IIpHBO KaxkOTO WOMKpata. B pe3yibTaTe MarHOCcTMpoBaHuaA ycTaHaBJIMBaeTCA TeKylljee TeXHW4YeCKOe COCTOAHHEe 
IIPHBOOB: «HCpaBeH» WIM «HeNcIIpaBeH»>. [losromMy Id KaxKOrO BXOa CHCTeMBI Ha MHTepBasie [0 1] 3aqarorcsa Z- u S- 
oOpa3Hbie (yHKIMU WpuHayexHOcTH (puc. 3 a). UcnpaBHomMy mpnBoay OyeT COOTBeETCTBOBAaTb 3HadeHHe BxoO/ia |, 


HeucnpaBHomy — 0. YBemMueHve KosmdunMeHTa pocta Harpy3KH OosbIIe 2 MPHBOAMT K KPHTH4eCKUM Tleperpy3KaM 


JOMKpata, MOSTOMYy B AMatasoHe L, € [0,2] 3ajlaeM TATb TpeyrOJIbHbIX PYHKUMM MpuHaexHOCTU c marom 0,5 


(puc. 3 6). 
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HencnpaBeH 


Micnpasen 


DyHKIMA NpuHaIex*xHOCTU 





0 0, 1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 
TexHuueckoe cocTroaHve JBUraTesa 


a) 


DyHKIMA NpuHaIex*KHOCTU 





0 0, 2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0 
Kooddunuent u3MeHeHns Harpy3Ku 
0) 


Puc. 3. DyHKUMU TpuHaexHOCTH HeYeTKOM MOJeuM pacyeta KOIPMUIMeEHTOB H3MeCHeCHHA Harpy3KH 


Jia pacueta koodduuMenta yBelIMm4eHuA Harpy3KH Ha 9JICKTPOMPHBOAbI MeXaHv3MOB  MapasieyIbHOu 
KHHeEMaTHYeCKON CTPyYKTYpbI MCOub30BaH alropuTM Mamdani [8-10]. TonyaeHHas Mojesb OCHOBbIBaeTCA Ha aHasIu3e 
KOJIM4eECTBAa HM B3AMMHOLO pacnosIOKeHHA HEMCMpaBHbIX CTOCK Me€XaHH3Ma MapasJIesIbHOM KHHEMATHYeCKON CTPyKTYppI. 
OTM JaHHbIe MO3BOJIAIOT OIPeeIUTb KOIPDUUMEHT AOMONHUTeIbHOM Harpy3KH Ha KaxKIbI UCIpaBHbIi MpHBOI. 
B3aHMOCcBa3b Me2%KTY BBeJCHHbIMH MHOKCCTBAMM 3allMCbIBacTCcaA B Bue Oa3bIl 3HAaHU, (~parMeHT KOTOPOH 


lpuBeyeH B TaOsuue |. 











Taodsmua | 
Heyetkaa 6a3a 3HaHui MOJeIM pacueta KOIPMUIMeHTA JOMONHUTeIbHON Harpy3Ku 
Homep OMKpata Kood@ulveHT H3MeHeHUA Harpy3KU JIOMKpata 
F 1 2 3 4 5 6 n l 2 3 4 5 6 as n 
Z l l l 1 1 1 0 0 0 0 0 0 
= l 0 1 1 1 1 0,5 0 0,5 0 0 0 
“4 l 0 ;/0/; 14,14 1 1 0 0 1 0 0 
§ 1 0/0; 0;1) 1 1,5 0 | 0 0 | 1,5 0 
= 1 0 0 0 0 1 2 0 0 0 0 2 
1 |of/1f/o0]f1/1 05 | 0] 1/0105) =O 
ay 
rs 
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OObeqHHUB Be 


pa3pa0oTaHHbIe 


MOJeJIn, 


TMOAY4HM OOLLyYIO = MOJelIb 


onmpefeseHHuaA Tekylled U 
JONOJHUTeEIBHOK Harpy30K Ha IIpHBOJIbI MCXaHH3Ma MapasIesIbHOM KHHEMaTHYeCKON CTpyKTypbI (puc. 4). 





Kpyzioea T. H. Memoo ouenku mekyweu u donosnumelbnou Hazpy3KUu Ha Cucmemy I1eKMpUYeCKUX NPUBOIO6G MexXanUu3mMo6 








B Moje.J1b 
IIPHHATHA pewleHnsA 





Puc. 4. CrpyktTypa MojesIM pacueta TeKylleH HU JOMNOJHUTeEIbHOU Harpy30K Ha IIpHBObI MexXaHH3Ma MapaliesIbHOK 
KHHeEMaTHYeCKON CTPyKTYypbl 


IIpupeyeHHad MOjsieb Oa3upyeTcA Ha KOJIMYeCTBe HM B3aMMHOM )pacriOJIOKeHHH UCIpaBHbIX TPHBOOB 
MeXaHW3Ma_ lapaJiieIbHOM KMHeMaTHMYecKOH cTpyKTyppl. IIpu 93TOM Cc y4eTOM xapaKTepHbIX MacilTaOoB 
aHaIM3MpyFOTCA OTHOCHTeIbHbIe KOIPDUMUMCHTbI PAMbIX, aMpOKCMMUpyroOllMx ornOaromjMwe 3HadeHHii 
KOIPDUNHEHTOB BeMBIIeT-IpeoOpa3s0BaHHA TOKa 9ICKTPpOTBUTaTesIeH. OTH WaHHble UW allapaT HeyeTKOM JIOrMKU 
MO3BOJIAFOT OMPeeCIMTb TEKYILY!O VU JJOMOJHUTeJIbHY!O Harpy3Ky JIA OOCcHeYeHHA HaexKHOCTH IICKTPOABUTaTeseH. 

Pe3yIbTaTbI ncce_OBaHHA. JI WpOBepKU padoTOCMOCOOHOCTH MpeIO*KeHHOTO MeTONa pacyeta TekKyllleH U 
JONOJIHUTeEIBHOM Harpy3KH UCIOb30BaIN CTeH (pvc. 5), COCTOALIMN U3 YeTbIPeX ZIIEKTPOMeXaHHYeCKHX MOJIbeEMHBIX 


JOMKpaTOB C IIPHBOJIOM TOocTOAHHOrO ToKa KY 1 1OAS0415-15B-J]2, cunxponno nepemesaromllHx rpy3. 


+0,5Load - 





+0,5Load,,, 














Puc. 5. Pacttiosiom*xkeHne HevcipaBHOoro JOMKpata H BO3MOX%KHbIM BapHaHT KOppeKIMU 
Pp@EkKUMa SKCIUIyaTalMu MexaHv3Ma MapasIesIbHOM KHHEMaTHYeCKON CTPyKTYypbl 


Tekyllad Harpy3Ka Ha IIpHBOJIbI OL|eHeHa MO HTOraM aHasiv3a BCeX MapaMeTpoB TIPAMOH, alliIpOKCHMUpyrOllei 
ornOarollve KOIPMUIMeHTOB BeBJIeT-MpeoOpa30BaHHA C YYeTOM XapaKTepPHbIX MaciTaOOB JIA 3aBeOMO UCIpaBHOro 
TIpHBoya, padoTarollero B HOMHHAJIbHOM pexKuMe. B HallieM cilydae peyb HeT O pe3yIbTaTaxX MepBOTO 3aMepa TOKOBOrO 
CHTHasla TIPHBOJOB MPH WX yCTaHOBKe Ha 93JICKTpOMexaHMyecKMe JOMKpaTbI. IlomyueHHbie aHHbIe HCIHOJb30BaHbI B 


Ka4eCTBe STAJIOHHBIX k,, b, . C HAMM CpaBHMBaIOTCA TeKyIIMe 3HAadeCHHA H3MepsxAeMBIX TapameTpos f, b. 
JIna Kaxkyoro MaciiTaOa BeBIeT-KOIPMUIUMEHTOB pacCYHMTaHbl OTHOCHTebHbIe KOIMPduUMeHTH! Ak, AD, 


olpeyeseHa Tekyllad Harpy3Ka Ha KaxKJbIM WpuBo. PacueTbl MOKa3aIW, YTO CpesHAA Harpy3Ka Ha BCe MPHBOJIBI 
IpHMepHo oOMHaKoBaxt — 29,52 % OT MaKCHMaJIbHOHM. Salada 9KCIepHMeHTa — I[IpoBepKa BO3MO2%KHOCTH 
TlepepacnpeyeseHua Harpy3KH Ha JiBa COCeXHUX JOMKpaTa HW UCCeqOBaHve MOBeeCHHA CHCTeMBI B 9TOM Ciryyae. 
Harpy3ka, WepeMellijaeMasd HeHCIIpaBHbIM JIOMKpaTOM, HepepacnpeyesiaeTca Ha Ba COCeJHHX JOMKpaTa B paBHBbIxX 
monax — 0 14,76 %. Torga oOuljai Harpy3Ka Ha mpuBonbr |! u3 (puc.5) — 44,28 %. CormacHo Harpy304HOn 
jMarpaMMe 9TO Oe30racHo JIA CepBonpuBoa. Harpy3ka a IpuBOA 4YeTBepTOrO JOMKpata OcTaeTcA HeH3MeHHOM — 
29,52 %. Tlockonbky Koosdduluent k Wid BCexX MPHBOOB OTpHIaTeIeH, a UX AOCOJFOTHbIC 3HAYCHUA 3HAUUTeJIbHO 
Oonbie 0, TO MPUBObI UMCIOT JOCTATOUHBIN 3alac HajlexKHOCTH. 

Jina onpeyeueHuA BIIMAHUA TaHHOrO TepepaciipeyeseHua Harpy3KH Ha TeXHWYeCKOe COCTOAHHE MPHBOOB 
lIpoaHasIM3HpOBaHbI MeXaHHyecKkHe U JICKTPOMeXaHHyecKHe XapaKTepHCTHKU CepBOMPUBOOB. YCTAHOBJICHO, UTO BCe 
TpH pexUMa OKCIIyaTauMn JOMYCTMMBI JIA UccreyyemMoro cepBolpuBosa. Onn He BeYT K JMHAaMHYeCKHM 
lleperpy3KaM HM lpexKeBPpeMeHHOMY OTKa3y. ITO MO3BOIAeT OOeCHeCYMTh HayexHOe (PYHKIMMOHMpOBaHHe KOMIMUIeKca 
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Ip IpoBesJeHuW PeEMOHTHBIX paoorT. 

OdcyxXTeHHe HM 3aKsIOUeHHA. Pa3padoTaHa MOJelIb OCHKH TeKylei W ONOJHHTeIbHOM Harpy3KH Ha 
QIEKTpH4ecKHe NPHBObI MeXaHV3MOB MapasWieIbHOM KMHeMaTHYecKON cTpyKTyppl. [losyyuaembie TaKHM OOpa30M JjaHHbIe 
HeOOXOJMMBI JIA KOPpeKUMM pexkuMa SKCIUIyaTallMH CHCTeMbI NPHBOJOB B CJLy4ae OTKA3A MCIIOJIHMTEJIbHBIX IJICEMCHTOB. 
Jia pacueta Harpy3KH UCIIOb30BaHbI KOSMDUIMeHTbI MpAMOM, aMpOKCHMUpyrollei ornOarollyio BelBJIeT- 
KOSMUMMEHTOB TOKa C YYCTOM XapaKTepHBIX MaciuTabos. Kpome Toro, yaHTbIBAeTCA KOJIMYeCTBO HW B3aHMHOe TOsIO2%KeHHe 
HeHCHpaBHBIX JJOMKpaTOB OTHOCHTEJIBHO pyr Apyra. DKCHepHMeHTH! WOKAa3aJI aeEKBATHOCTh pe ACTaBJICHHbIX MeTOJIOB. 
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AHaJIW3 CKOPOCTH H KPHBH3HbI TpaeKTOpPHN B 3aa4de NpecsleOBaHnA 
MHOKeCTBA Ween 
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@OIbOY BO «bypstckuii rocyapcTBeHHbIM yYHuBepcutTeT uMeHH Jlopxu bax3apoBa» (r. YaaH-Y 79, Poccuiickas Deepa) 
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Beedenue. PaccMatpuBaetca KHHeMaTH4eCKad MOJeJIb TPyMMOBOrO MIpecueqOBAaHHA MHOKECTBA IeIeM Ha IJIOCKOCTH. 
IIpecneqopatesM Mp JOCTWKeHMH Lee UCMOIb3YIOT MeETO], NOAOOHBIM NapasseuibHOMy cOmMKeHHIO. B ote OT 
MeTOa TapasIesIbHOrO COUMKeHUA BEKTOPbI CKOpOcTel TpecieqoBaTeev U ee HalipaBJICHbI MpOu3BOJIbHO. B 
MeTOIe HapasWiesIbHOrO COJIM2KCHHA MrHOBeCHHbIe HalipaBJICHHA JIBYOKeHHM MpecseOBAaTeIA U WeIM MepeceKaroTcA B 
TOUKe, IpnHawiexalledh OKpyxXHOcTH AnomioHHa. B rpymnoBow MoseM TpecireqOBaHvaA MHO%KeCTBa Leen 
MmpecueOBaTesIM CTaparoTca IpHAep2xKUBATLCA CETH MPOTHO3MPyeMBIX TpaeKTOpHH. 

Mamepuaiel u memoovi. B mMoyemm ToctTaBieHa 3aa4ya JOCTHKeHHA Wesev MpecieqOBaTeIaMU B Ha3HadeHHBIe 
MOMEHTBI BpeMeHH. Ona pelllaeTcd MeTOJaMH MHOTOMepHON HayepTaTesIbHOM TeOMeTpHU Tp MOMOIIM 9MrOpa 
Paguusesa. IlporHo3supyemaax TpaeKTOpHaA ABJIAeTCA COCTAaBHOM JIMHMeH, KOTOpad pW NMepeyBMxKeHHN Leu 
TlepeMelijaetcaA MapaswieswbHO camo cede. Ha nmockocTu npoekumi «Paquyc KpuBu3HbI — 3HayYeHHe CKOpOCTHU» 
BbIBOXUTCA JOIYCTHMbIM JWMala30H CKOpOcTeH MpecIeqOBaTesA B BUe JIMHHM ypOBHA (9TO TIPAMBle, WapasWIesIbHbIe 
ONHOM 3 WIockocTeHi mpoekyui). Ha mockocTb npoekyui «Paquyc KpWBu3HbI — BpeMA JOCTHKeHHA Les» 
BbIBOJATCA OOpa3bl JMHUM ypOBHA CKOpoctTei. BeyeTca NOMCK TOUeK MepeceyeHua OOpa30B JIMHUK CKopoctel c JIMHUeH 
YpOBHa Ha3Ha4yeHHoro BpemMeHH. Ilo TMHUAM CBA3M 3HAUCHHA TOUeK MepeceyeHHA OMyCKaloTCA Ha MIOCKOCTb «Payuyc 
KpHBU3HbI — 3HayeHve CKOpocTy». Ilo nomy4eHHbIM TOUKAM CTPOMM AlIIIPOKCHMMPytOlllyO KPMBy!O UM UIIeM TOUKy 
TlepeceyeHua c JIMHHeH Ha3HayeHHOM cKopocTuv. B pe3ybTaTe MosyuaeM 3Ha4eHHA payvyca OKpy2xXKHOCTH Ip 
MIpOrHo3sHpyeMOU JIMHHU TpaeKTOpHN ABYKeHHA MpecueqOBaTesA. 

Pezynomamoi ucciedoeanua. Ilo pe3yibTaTaM TIpoOBeJJeHHbIX MCCIIEqOBAHHM CO3aHbl TeECTOBbIe TpOrpaMMBbl U 
W3rOTOBJICHbI AHUMUMPOBAaHHble H300paxKeHHA B CHCTEMe KOMIbIOTeEPHOM MaTeMaTHKH. 

Oocyscodenue u 3akio4enua. J\anHHbIM MeTOJ, MOCTPOCHHA TpaecKTOPHH MpeciesqOBaTeIeM JIA TOCTHKCHUA MHOMKECTBA 
lee B 3aJaHHble 3HaYeCHHA BPCMCHH MO%KeT ObITb BOCTpeOOBaH pa3paOOTYHKaMH ABTOHOMHBIX OeCITMJIOTHBIX 


JI€TATCJIBHBIX alllapaTos. 
Kyoveevle ciioéa: MHOrodakTOpHbIit aHasu3, stop Payuilena, WelIb, IpecseqOBaTelIb, TDaeKTOPUA, payMyc KPHBUM3HBI. 


Jlna y“umupoeanua: JlyOanos, A. A. AHasM3 CKOpOcTH VW KPpHBU3HbI TpacKTOPHH B 3aade MpeciiIeqOBaHHA MHOKeCTBA 
wemeu / A. A. JtyOaHos // Advanced Engineering Research. — 2021. — T. 21, Ne 3. — C. 275-283. 
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Analysis of the speed and curvature of the trajectory in the problem of pursuing 
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Introduction. A kinematic model of group pursuit of a set of targets on a plane 1s considered. Pursuers use a technique 
similar to parallel approach method to achieve goals. Unlike the parallel approach method, the speed vectors of pursuers 
and targets are directed arbitrarily. In the parallel approach method, the instantaneous directions of movement of the 
pursuer and the target intersect at a point belonging to the circle of Apollonius. In the group model of pursuing multiple 
goals, the pursuers try to adhere to a network of predictable trajectories. 

Materials and Methods. The model sets the task of achieving goals by pursuers at designated points in time. This 
problem is solved by the methods of multidimensional descriptive geometry using the Radishchev diagram. The 
predicted trajectory is a composite line that moves parallel to itself when the target moves. On the projection plane 
“Radius of curvature — speed value’, the permissible speed range of the pursuer is displayed in the form of level lines 
(these are straight lines parallel to one of the projection planes). Images of speed level lines are displayed on the 
projection plane “Radius of curvature — time to reach the goal”. The search for points of intersection of the speed line 
images and the appointed time level line is being conducted. Along the communication lines, the values of the 
intersection points are lowered to the plane “Radius of curvature — speed value’. Using the obtained points, we 
construct an approximating curve and look for the intersection point with the line of the assigned speed. As a result, we 
get values of the radius of the circle at the predicted line of the trajectory of the pursuer. 

Results. Based on the results of the conducted research, test programs have been created, and animated images have 
been made in the computer mathematics system. 

Discussion and Conclusions. This method of constructing trajectories of pursuers to achieve a variety of goals at a 
given time values can be in demand by developers of autonomous unmanned aerial vehicles. 


Keywords: multidimensional analysis, Radishchev plot, target, pursuer, trajectory, radius of curvature. 
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BBejlenne. PaccMoTpuM MOJeuIb pacueTa TpaeKTOPHU TipecseqOBAaTeIIA Ha MJIOCKOCTH, re B KaxKbIM MOMCHT 
BPe€MeHH OT TpecseqOBaTeA JO We CTPOUTCA MpOrHO3HpyeMad TpaeKTOPHA, KOTOPOM NWocTapaetca IpusepxUBaTbCA 
lIpecslesOBaTesb (puc. 1). 





13 (s) 


Puc. 1. [pynmosoe mpecireqoBaHve MHO*KeCcTBA een 
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Kpuspie Ll, (s), lo(s), I35(s) cocrosT 43 CerMeHTa Yr OKPYKHOCTH UM MpAMOMHeEMHOTO OTpe3Ka. B Harel 
MOJIeIM paMyc OKpyxXKHOCTeHi WM eCTb OrpaHHyeHve TO KPHBH3HE IIPOrHO3MHPyeMbIX TpacKTOPHU JBWOKeHHA 
mpecueqoBateseii = 

3amayy UcciIeqOoBaHuA B JaHHOM CTaTbe MOXKHO OMMCaTb Tak: [pecieqOBaTeiM, BMradcb 0 
OJHOMAapaMeTpHyeCcKON CeTH MpPOrHO3HPYeMBIX TpacKTOPHH, JOJOKHbI JOCTHraTb CBOMX [ele B Ha3HadeHHbIe 
MOMEHTBI BPCMCHH, B TOM 4MCIIC HM OJHOBPeMeHHO. JIyIA pelieHuA BbIOPaHbI MeCTOJbI MHOTOMepHOM HavepTaTelIbHOM 
TeOMeTPHH C MCHOUb30BaHHeM 3HOpa Paquijepa. OHOMapaMeTpH4ueckad CeTb (pc. 2) COCTOHT H3 KOHIPYy3HTHbIX 
MHUM WapalienwbHoro WepeHoca. Kaxyaaq JMHUA — aHalIOr JIMHHM BU3MpOBaHHa (39TO TIpAMas, coeqMHAOMlad 


IIpecueOBAaTeA U IeJIb). 
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Puc. 2. OqHoTapamMetTpruiueckue CeTH MpOrHoO3HpyeMBIX TpaeKTOPHM JBWDKEHUA MpecieqOBaTesen 


JIna Moyenu BbIOpaHa KOMOMHAaUMA OKpyxKHOCTH HM psAMoW. EcTb MHO2KeCTBO BapHaHTOB OOecrieyeHHA 
orpaHvyeHui MO KpHvBu3He (cuMpanb KopHro, KyOuyueckad MapaOdoma, compsrarollaica c mpaAMOu,uT. 0.). Jha 
JOCTWKeHHA ese MpecwesqOBaTeM UCMOJb3yIOT MeTOA, AHANOrM4HbIM MeTOY MapaswenbHOro cOmmxeHua [1-4]. 
OHako B HallleM cCJlydae CKOpOCTb MpecieqoBaTelIenw HalpaBseHa IIpOM3BOJIBHO, a B MeTOe MapasieubHOrO 
COJMKEHHA JIMHHM CKOpOCcTel MpecieqOBaTeA VU Wes WepecekaroTca B TOUKe Ha OKPyxXKHOCTU ATOJJIOHHA. 

B TecToBpoi mporpaMMe, HalmucaHHOW MO MaTepHasiaM CTaTbH, OOBeKTbI MepesBUuraroOTcA MO KBaIpaTy 
[—30: 30] x [—30:30]. Pacuer uger B metpax. Uccneqopanua mpoBogumMcb gia cKopocteli 20 M/c. Hayanbupiii 
pagquyc OKpy>KHOCTeH Ip MpOrHoO3HpyeMBIX TpaeKTOPUAX paBeH 2 M. 

EclIM B MOMEHT Hauasia IipecuweqOBaHHA TpecseqOBaTesIb HaxoOWMJICA B TOUKe P; C BeEKTOPOM cKOpocTyH V;, TO 
IleHTp OKpyxHOcTH C; paauyca 7; OyeT HaXOJMTbCA B TOUKE: 
=i 

Vi 
Vil 
3aTeM 3 TOUKH WONOKeHUA WemM T; CTpOHTCA KacaTesbHad K OKpyxHOCTH (C;,7;) . COBOKYIHHOCTb 


C= 1; 27% 


KacaTeIbHOM HM OKPyKHOCTH OyzeT Oa30B0N IMHMel MpOrHO3MpyeMOM TpacKTOpHU ABWKeHUA pecmezoBatena |;(s). 
OTMeTuM, 4TO B ypaBHeHHM Oa30B0i JMHUM 43 OAHOMAapaMeTpHYeCKOrO MHOXKeCTBA IPOrHO3HPyeMbIX TpaeKTopHii 
HapaMeTpH3allA MpOM3BONAMTCA OT TJIMHBI JtyrH. 

IIpu HOBOM nowOx*KeHHH Lem 7; mHHHA 1;(S) CMellaeTca, OCTaBadch HapasesbHOM caMoli ceOe (puc. 3). 


' Bannukos A. C. Hectrarnonapnas 3aaua rpyumoBoro mpecseqoBanns // JIobavencKne 4TeHHA : MaT-JbI 5-1 MONOexK. Hay4. WKONBI-KOHO. // Tp. 
MaTeMaTH4eCcKOro LeHTpa uM. H. VU. Jlodayescxoro. Ka3anb : U30-B0 Ka3anckoro MaTeMaTu4eckoro obmiectTBa, 2006. C. 26-28. 

> Vismectses VW. B. 3aqaua mpecieqoBaHvaA MasIOMaHeBPCHHEIX OOBEKTOB C TeEPMHHAJIbHbIM MHOXKECTBOM B (opme Kostbila // Teomerpwueckue 
MeTOJIbI B TEOPHU yupaBsICHHA HW MaTeMaTHYecKoOn Pbu3uKe: TupdepeHuasbHble ypaBHeHUA, MHTETPUPYeMOCTE : MaT-JIbI Me?%KyHap. KOH). Pa3aHp : 
V137-Bo Pa3anckoro roc. yH-Ta uM. C. A. Ecenuua, 2016. C. 17-18. 

* Borie R., Tovey C., Koenig S$. Algorithms and Complexity Results for Pursuit-Evasion Problems // International Joint Conference on Artificial 
Intelligence (IJCATD), 2009. P. 59-66. 
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Puc. 3. UrepanMonusii Wporecc pacueta TpaeKTOpHH IIpecseqOBaTesIA 


JlolycTuM, i-M TpeciieqoBaTeb B MOMEHT t; HaxOAMTCA B TOUKE Pi, , HMex IPH 9TOM IIPOrHO3sHpyeMyto 
TpaecKTOPHIO JBMOKeHHA li (Ss), COCHMHAIOMLYIO C TEKYUIHM NOJO%#KCHHEM Les I; ;. B 9TOM CJIydae CiesyIOIen TOUKOU 
TpaeKTOpHH MpecueqoBaTea OyneT P; 

P; 


Jt+1° 


j+1 7 9TO TouKa MepeceyeHuaA JIMHMH li 4,05), KoTOpaa cCooTBeTCTByeT NMOOKeHHIO Wen Tioag ® 
CJI¢yIOUIMH MOMeCHT BpeMeHH ¢;,1 HM OKPy2KHOCTH C IIEHTPOM Pi, MW payuycom Vi, ‘At, At = tj,, — t;. TakoBa Moyen 


ws 4,5 
IIOCTPpOCHHA TpaeCKTOPHN TIpecJIeqOBaTesA ° . 


PaccMoTpuM 3aa4y rpymMoBoro MpecseqOBaHHA, KOTa Tpylila mpecueqoBaTesen NOrOHAeT Tpylily Ween. 
byqeM cCUHTaTb, 4YTO KaxKbIM MpecmeqoBatenb P; crpeMuTcA WOcTM4b cBOoeH wWemm 7; , XOTA y HeKOTOPBIX 
liIpecueqOBaTesen Wes MOryT coBnayath (puc. 1, 2). 

IIpu4em mpecseqopatemb P; WocTuraeT wemm 7; 3a ompeyeseHHoe Bpema ¢t;, WBUradch Cc oOlmpeyeneHHOU 
ckopoctbio V;. JIs11 OMHOBPeMeHHOTLO JOCTHKeHUA Lee HEOOXOMMO paBeHCTBO BCex ¢; OlIpeseJICHHOMY 3HadeHHI0. 

V3 puc.1 BuaHO, 4TO JIA W3MeCHCHHA JIMHbI Oa30BOM JIMHHH MO%KHO MCHATb payMyc KacaTeJIbHO 
OKpy2KHOCTH. KacaTesIbHad BBOJNTCA, YTOOKI IpecIeOBaTeJIb MOF MWIaBHO TepeTu Ha IIpaAMOJIMHeEMHY!IO TpaeKTOPHI0. 
Ecun Ob! 3TO ObIIO Tak, TO 3a,a4a Oba ObI CBeeHa K TIpecIeOBaHHIO MeCTOJIOM MapasWiesIbHOrO COMKeHUA. 

HayabHad CKOpOCTb IpecyeqoBaTesIA HallpaBlIeHa MpOW3BOJIbHO, 4YTO MO3BOJIAeCT 3aeCHMCTBOBaTb MeTO 
HlapasIeIbHOrO COIMKeHHA C COOIOAeCHHeM OrpaHv4eHH 10 KpuBH3He (puc. 2). JIA STOO UCHOJIb3yeTCA COCTAaBHad 
Oa30Bad JIMHHA, KOTOPad pH ABMKeHHM Leu MepemellaeTcs, OCTaBadch MapaswiesIbHOW cama ceOe, MpoucxoHT 
IIaBHbIM Mepexoy, K MeTOLYy MapaswIeNbHOrO cOsMKeHUA C COOUIOeHHeM OrTpaHHyeHuii 10 KpuBN3He (puc. 3). Puc. 2 
JOMOJIHCH CCbIIKOM Ha AHHMUMPOBAaHHOe H300paxKeHHe, Te MOXKHO NMOCMOTPeTh TWaBHbIM Wepexoy, K MapasiIesIbHOMY 
cOmmxKenut0°. 

[jens WaHHOM cTaTbH — OTMcaHve MeTOa, IPH KOTOPOM IpecueqOBaTeIb WOCTUraeT eM B Ha3HadeHHoe 
BpeMA HW3 OMyYCTHMBbIX 3HaYeHHH. MoxHO paccMaTpHBaTb MW OJHOBPeMeHHOe AOCTWKeHHe eswenw rpynmnon 
lmpecyeqoBatesen [5—9]. 

Matepnasbi 4 MeTospl. [lo pe3yibTaTam uccuesqOBaHHi pa3spaboTaHa TecTOBad MpOrpaMMa OJJHOBpeMeHHOro 
JOCTWKEHHA Ween WpecseqOBaTeIAMU, KOTOPylO MOXKHO TIOCMOTpeTh Ha pecypce aBrTopa. II[penzoxeHHBIM alIropuTM 
peamM3yeT UTepaliMOHHy!o Cxemy pacueta TpaeKTOpHu pecueqOBaTesaA (puc. 3). 

B MOeJIM IPMHATA 3ABMCUMOCTH JIA IpecueqoBatesa P, KOTOpbIM ZOcTUuTaeT WesH T 3a Bpema C: 

t = F(P,,T,, np, Np, Vp, Vr, R). 
3necb P;,,T; — KOOp_MHAaThI TOUeK NOJOKeHHA MWpecueqOBaTesIA UW eM B MOMEHT Hayasla peciweqOBaHHuA; Np, Np — 
CJMHUYHBIC BEKTOPHI HallpaBJICHvA JBYDKeHHA IpeciIeqOBaTeA WU Wes B MOMEHT Hayasia mpecreqoBanns; Vp, Vp — 
MOJYIM CKOpOCcTeH MpeceqOBaTeA UM eM B Mpolecce mpecueqoBanua; R — payMyc OKpy2KHOCTH, CMBICJI KOTOpOH 
moKa3aH Ha puc. |, 3. 

@MakTM4eCKH B MOC MOACYUMTHIBAeCTCA UMCIIO WaroB, 34 KOTOPbIe MpecueqOBaTeb WOcTuraeT wenn. [pu 
W3BeECTHOM JIMCKPeTHOM IIPOMeXKyTKe BPCMeHH YHCIIO WarOB MO2XKHO COMOCTaBUTb C peasIbHbIM BPeCMeHEM. 


* TlyOanos A. A., Cesoon A.-K. 9. Kunematvyeckas MOjesIb MeTOJa TapasIebHOTO COMWKEHUA : CB-BO O Foc. perucTpalun MporpaMMpl Jia IBM / 
Bypstckuii roc. yH-T uM. JI. ban3aposa. RU 2020665641. Ne 2020664886 ; 3aapn. 20.11.2020 ; omyon. 27.11.2020. 

> JlyOanos A. A., Cepooxn A.-K. 9. Mogenupopanne TpaeKTOpHn MpecreqOBaTeA Ha TOBEPXHOCTH METOJIOM TapasWIebHOTO COMKEHHA : CB-BO O 
roc. peructpaluu mporpamMp! jwiIa OBM / bypsatckut roc. yH-T um. JI. ban3aposa. RU 2020666553. Ne 2020664893 ; 3aapm. 20.11.2020 ; omy6n. 
11.12.2020. 

° JlyOanos A. Jlornatp ogHOBpemenHo. Inockocts 1. URL: https://www.youtube.com/watch?v=7 VNHNwCbWrg (gata oOpamenus: 22.05.2021). 
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Ec leuIb JBYoKeTCA TIPAMOJIMHEHHO WU paBHOMePHO, TO 3ABHCHMOCTb BPeMeHH JIOCTWKEHUMA eM B yrxKe 
HauvaBIIeMCA UTepalMOHHOM TIpollecce MOXKHO cyuuTaTb (yHKuUMeH OT ByYX TepeCMeCHHbIX — MOJlyJIA CKOPOCTH 
lIpeculIeqOBaTesA U payuyca KPUBU3HbI OKPy2KHOCTH: 

t = F(Vp,R). 

B Moyes CanTaeTca, 4TO IIpeciIeqOBaTeJIb BMXKETCA C MOCTOAHHOM CKOpOCcTBIO Vp, OJJHAKO HUYTO He Merlaer 
HaM MeCHATb 3HaYeHHA MOJIYJIA CKOPOCTH, KaK UM payMyca KpuBu3HBI. JloMmycTuM, 4TO MOJYIb CKOPOCTH NPpYHUMaeT 
JIMcKpeTHble 3HayeHHA H3 pata Vp,,l € [1:N], a paguycbi oKpyxHocteii Ha puc. 1, 3 npHHuMaroTr 3HayeHnA R,,j € 
[1: M]. 

Jina jlasibHevINMx UCCeqOBaHHH WpuMeHseTcaA gomtop PaumleBa, rae UCMOUb3yIOTCA KOOPIMHATHBIe 
m1ockocTu (R,V) u (R, t) (puc. 4). 


MyHKI[MU BPeMeHH, 3a KOTOPOe 
IpecueqoOBaTesb JOCTuTaeT Len, 
COOTBETCTBYIOLIHe CKOPOCTAM 
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Puc. 4. Onpeyesenue payuyca OKpy2xKHOCTH Ha dope Paaniurespa 


Ha puc. 4 mpeycTapieHO 9KCIIepHMeHTaIbHOe MOCTpoeHHe BPeMeHHBIX 3aBucuMOCTen ¢t;; = F (Vp,, R;). 
Tpaduku Ha mockoctu (R,¢t) noKa3bIBarOT, KaK BPeMA JOCTWKEHHA LeIM 3aBHCHT OT paltuyca oKpyxHocTH R upu 
(DHKCHPpOBaHHOM 3HayeHHu CKOpocTH Vp. 

B kauectTBe OJHOTO 43 ONTHMM3upyroUlMx dakTopos [10-11] Ha mockoctTu (R,t) BBIOupaeTcA paBeHCTBO 
t = ty, rue ty — TpeOyemMoe BpemMa OcTHxKeHHA emu. Jlanee WJId pellieHuaA Halle 3aqaugu Ha mockoctTu (R,V) B 
KayecTBe BITOporo ONTHMU3Hpyrollero akTopa BEIOMpaeTca paBeHCTBOVp = Vp,, rae Vp, —— NocTOAHHad CKOpOCTb 
mpecIeqOBaTesaA. 

B moctTaHoBkKe 3aa4H TOBOPUTCA O TOM, 4TO MOJLYJIb CKOPOCTH IIpecIeqOBaTesA ABJIACTCA HEH3MCHHBIM. Tem 
He MeHee MOCTPOeCHHbIN pA, 3HAYCHHM CKOpOcTe HeOOXONMM JIA pacueTa payMyca OKpy2xKHOCTH Rp Ha MWIOCKOCTU 
upoekuni (R,V). 

Ilo IMHMAM CBA3H Ha WIOcKOcTH HpoekuMi (R,V) HaxoqaTcA COOTBETCTBYIOUIMe TOUKH WepeceyeHua Cc 
IMHUAMM = ypOBHA cKopoctei Vp, (puc.4). Ilo momyyeHHbIM TouKaM B TeCTOBOM MporpaMMe BbIIIOHACTCA 
NOJIMHOMHMasIbHad perpeccuaA UW B UTOre MOWyIaeM MYHKIMIO 3ABMCMMOCTH CKOPOCTH MpecseqOBaTesIA OT panyca 
OKPy2KHOCTH, Mp KOTOPOK MpOMCXOAMT JOCTHKeHHe Les 3a BpeMd Co. 

3aTeM MIeM TOUKy Mepeceyenua yHKuuu Vp = f(R) c aMHMe ypoBHa Vp = Vp,. AOcumcca TOUKH 
TlepeceyeHna Ro UW CCTb HCKOMBIM payMyc OKpy2KHOCTH, Ip KOTOPOM TpecseqoBaTelb P 3a BpeMA ty CO CKOPOCTBIO 
Vp, HocTuraeT yer T’. 

PacueT BeleTcaA Ip ycCJIOBHH, 4YTO Web DZBYKETCA PaBHOMePHO HU TIpAMOJIMHeEHHO. Ec Weslb W3MeHACT 
HampaBJIeHve UWJIM CKOPOCTb, TO paCC4HTbIBAaeTCA HOBbIM payWyc OKPy2KHOCTH COCTaBHOM O6a30BOM JIMHUM (aHasior 
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MH BU3MpOBaHHA MeTO]a MapasWIesIbHOrO COIMKeEHUA), CTABHTCA HOBOE BPeCMA JIOCTHXKECHUA IPH WpexHel CKOpocTu 
IpecjleqOBaTesaA. 

IIpu paBHOMepHOM H TpAMOJIMHEHHOM JIBYOKCHHU IesIM HU3IUMM Mpesesl BPeMeHU JOCTHKeHuA (UKCUpyerca, 
KOra CKOPOCTb pecsIeqOBaTesA HalipaBsieHa B TOUKY K Ha OKpy2xKHOcTH Aomu0HuA (puc. 5). JJanHoe NomO%xXeHue 
paccmaTpuBasocb B padotax P. Av3exca [12], JI. C. Toutrpsruna [13], JI. A. Werpocana [14-16], H. H. Kpacoscxoro u 
A. WU. Cyo6ornna [17]. 





Puc. 5. OkpyxHOcTb ANOWIOHUA 


Oxpy>KHocTb10 ATIOJWIOHHA Ha3bIBaeTCA TEOMETPHYECKOE MECTO TOYeK, OTHOIMeCHHe pacCTOAHHM OT KOTOPBIX 
WO JBYX 3a aHHbIX TOUeK — BeIM4NHa NOCTOAHHAaA, He paBHad enuHute: |PK|/|TK| = |Vp|/|V;| (puc. 5). 

IIpu paccmoTpeHuv MHOXKecTBeHHOrO TpecsIeqOBaHHA Tpynbl Welei B TeCTOBOH MporpaMMe JesIaroT 
IIpeABapHTeIbHbIM pacueT TpaeKTOPHM ABYXKeEHHA pecueqOBaTeseH MpH 3aaHHbIX HauasIbHbIX MapametTpax. V3 
BPeMeH JOCTWKeHHA eeu WJIt pacueTa OJHOBPCMeCHHOLO JOCTHKeHHA BbIOUpaeTcA HanOosIblee BPeMA, H OHO OyeT 
KpHTepHeM Id pacueTa TpaeKTopHii ocTabHBIX mpecuenoBateneti ’’*. Oror MOMeHT MpoMsOcTpupoBaH Ha 
aHHMMpOBaHHOM W300paxKeHHH, rye Tp UpecseqOBaTemA HOCTUTaIOT ABYX UWelleii OHOBpeMeHHO 

Ha puc. 6 oka3aHoO, Kak Jif ONHOTO U3 TpecweqoOBaTeev ObIIO yCTAaHOBJICHO OOsIee KOPOTKOe BpeMaA 
WOcTMwKeHHA Wenn. Puc. 6 Takxe ONOJIHEH CCbINKOM Ha aHHMUpPOBaHHOe H300paxeHue, Fe MOXKHO MOCMOTpeTb 


w 10, 11, 12 
JOCTWKCHHE IesIen B pa3sJIM4YHOeC Ha3SHaudeCHHOe BPCMA @~ ° . 
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Puc. 6. JjoctwxKenne lee B pa3JIM4HOe Ha3HadeHHoe BpeMA 


’ TlyOanop, A. A., Cessou A.-K. Mogenmposanne Metoyla MapasienbHOrO COMMWKEHHA Ha MOBEPXHOCTH : CB-BO O TOC. pervcTpallHH WporpaMMBI JIA 
OBM. RU 2021618896. Ne 2021617979 ; 3aaBn. 24.05.2021 ; omy6m. 01.06.2021. 

* JIyOanos, A. A., Cepsou A.-K. Mogens mapamienbHoro COMMWKeHHA Ha IWIOCKOCTH rpylMbl MpecseqOBaTeNel C OMHOBPeMeCHHBIM JOCTHKeEHHeM 
IleJIM : CB-BO O Foc. perucTpalMu WporpaMMpBI Jia IBM. RU 2021618920. Ne 2021614416 ; 3aapam. 30.03.2021 ; omy6m. 02.06.2021. 

” TryOanos A. NM 1. URL: https://www.youtube.com/watch?v=tdbgoNoby3A (nata o6pamenus: 22.05.2021). 

'© Try6anos A. NM 3. URL: https://www.youtube.com/watch?app=desktop&v=F6MTsWZL2BY &feature=youtu.be (gata o6pamenna: 22.05.2021). 

'! Try6aHos A. NM 2. URL: https://www.youtube.com/watch?v=NNJDJOJT341 (gata o6panrenua: 17.08.2021). 

'? TyOanos A. NM 1. (gata o6pamenus: 17.08.2021). 
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Pe3yJIbTaTbI HcceqoBaHHA. Ha puc. 7 WpuBeseHbl HEKOTOPbIe pe3yJIbTaTbl MHOFOMAaKTOPHOTO aHasIv3a B 
3ayjaye OJHOBPeCMeHHOLO JOCTWKEHHA Les JBYMA IIpecsleOBaTeIAMH. 
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Puc. 7. Pe3yibTaTbI MHOrOaKTOPHOrLO aHasv3a B 3aave OJJHOBPeCMeHHO!O JOCTWKEHHA Ie JBYMA lpecueqOBaTesIAaMU 





Lens WBYwKeTCA IpAMOJIMHeEMHO MU paBHoMepHo. JIA KaxKTOrO MpeciIeqOBAaTeIIA MOCTPOMIM pA WOMyYCTHMBIX 
ckopoctei. JlomnycTuMble 3Ha4vyeHHA pasMyca OKPy2xXKHOCTH BapbupylOTCA MPH MOMOIMIM WUcKpeTHOH nNepemMeHHoH AR 
(1ukasia dR Ha puc. 7). 

Ha 1ockocTu mpoekuni (dR, t) crpoum osHOMapaMeTpHyecKy!0 CeTb JIMHMM. Kaxkaaa IMHUA COOTBETCTBYCT 
OllpeesICHHOMY 3HA4eCHHFO CKOPOCTH HU BbIpaxKaeT 3ABMCHMOCTb BPeCMeHH JOCTWXKEHHA Wes OT IpUpallleHua paauyca 
okpy2xKHocTH. Ha puc. 7 NoKa3aHa OAHOMapamMeTpHuecKkad CeTb JIMHHH CKOpOCTeH OAHOTO U3 MpecueqoBatenen. JIA 
BTOPOrO B TeECTOBOHM MporpaMMe MHOro@akTOPHOrO aHasIM3a NOCTpOeHa aHasIOrM4Hasd CeTb. 

JI Kaxkoro WpecreqoBatesa BbIOUpaeTcA NepBbI ONTHMUM3HpyroIMM daKtTop [10-11], orBeuaronuit 3a 
OTHOBPeMeHHOe JOCTHKeHHe: 

=i, 

3ecb tp — HanOolIblllee 13 BPCMeH JOCTWXKEHHA Iles, ECM ObI MpecueqOBATeIM He3aBHCHMO JIOTOHAJIM IeJIb 
IIPH TaKUX 2%Ke HavaJIbHbIX YCIIOBUAX. 

Ha muocxoctu (dR,t) wulemM TOUKM epeceyeHua MHI ypoBHa t=t ) Cc MMHMAMM cKOpocTeli 
OWHOMapaMeTpuyeckow ceTH. Touku lepece4yeHua HaxOJATCA TPM MOMOIMIM BCTPOeCHHBIX Mpouesyp pellenua 
ypaBHeHnit. B cuctreMe KOMIIbIOTepHOH MaTeMaTuKH MathCAD 9To MoxeT ObITb mpolenypa root. HaieHHbIM TOUKaM 
llepeceueHua oTBeyaloT 3HaueHua AR u V Ha ockocTu Npoekuu (dR,V). 

K losly4eHHBIM TOUKaM Ha IWIOCKOCTH TIpoOeKUMH MpMMeHAeTCA BCTPOeCHHaA Mpowetypa NOJMHOMMAJIbHOU 
perpeccuu W HaxXOMTCA xapakTepuMcTuyuecKad KpWBad 3ABMCHMOCTH CKOPOCTH OT payMyca OKpy2XKHOCTH COCTaBHOM 
6a30B0H JIMHUU (puc. 1). 
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Ha mockocTu npoexuuit (dR,V) puc. 7 u300paxkeHa Takad 2Ke XapaKTepMCTH4eCKad JMHUA 3ABMCHMOCTH 
CKOpOCTH H JIA Wpyroro mpecmeqoBatema. Jlanee IpuMeHsAeTCA BTOpOH ONTHMU3upyroluMi daxtop V; = V, = Vo. B 
TECTOBOHM IIporpaMMe OOBEKTHI ABMOKYTCA C OJMHAKOBbIMM CKOPOCTAMH. BcTpoeHHbIMM CpeJCTBaMM KOMIIbIOTepHOH 
MaTeMaTHKH HaxOJATCA TOUKM MepeceyeHua c JMHUeM ypoBHaA V = Vo. OTHM TOUKAaM COOTBETCTBYIOT 3HayeHna AR, u 
dR>. 

IIpu 3anmycke UTepalMOHHOrO polecca 3aduKCHpOBaHO OHOBpeMeHHOe OCTWKeHHe Wel JBYMA 
liIpecIeqOBaTeuAMH (aHHoTaiua K puc. 2). IIpu sTom ObIM HalieHbI 3HadeHuA Mpupawenui dR, u dR, kK HadalIbHOMy 
paauycy OKpy2KHOCTH H 3aj{aHBI: 

— 3HayeHHe BPeMeHH JOCTWKeHHA LeU Co, 

— MOJTYIM CKOpocTen TBYxKeHHA Vo, c. 

B craTbe omvcaH MeTOA JOCTWKeHHA Ipynmmon mpecueqoBaTesIeh MHO2XKecTBa Lele C BO3MO?%KHOCTbIO 
Ha3HauaTb BpeMA JOCTHKeHHA. ONHOBPeMeHHOe AOCTHKeHHe Teed — 9TO 4aCTHbIM pe3yIbTaT WaHHOTO MoOAxoNAa, 
KOTOPbIM pa3BUBaeT MeTOI MapaswiesbHoro cOmmKeHHA. IIpu pearn3aluu MeTOa B MpocTpaHcTBe culesyeT NOONTHCA, 
YTOObI BEKTOPHI ipecieNOBaTeIA HU eM HAXOMIIMCh B OXHOK TuIOcKocTH >. 

PaccMOTpyM cilyyaw peciIeqOBaHuaA B TpeCXMePHOM TIpOCcTpaHcTBe MPM CJICAYIOWIMX YCMOBMAX: MbI XOTHM 
CBeCTH 3aa4y K MeTOJLY MapasWiesIbHOrO COIMKCHHA, HO CKOPOCTh MpecseOBaTeJIA HalipaBlleHa MpOv3BOJIbHO. B 3TOM 
ciryyae Oa30BY!O JIMHUIO IIPOrHO3HpyeMbIX TpacKTOPHU BMXKeHUA IpecieqOBaTeA CeyeT CTPOUTb B IMJIOCKOCTH, 
oOpa30BaHHOH JIMHHe BU3MPOBaHHA UH CKOPOCTBIO MpecsIeqOBAaTeIA. 

Crelyromui War WpeciweqoBaTesia — TOuUKa IpecedeHua cPepbl c payWycoM, paBHbIM Ilary pecueqoBaTesA, 
MW Oa30B0H JIMHUH, MapaswiesIbHO MepeHeceHHOH Tak, YTOOBI OHH ee KOHEI COBMELMaJICA C TOUKOM MOJO*KeHHA Les. 

Ilepevyem K BOoTIpocy HaxoxkeHuA OKPyxKHOCTH ATOuOHUA MU TOUKH K B TpexMepHOM I1pocTpaHctTBe. Cama 
OKPy2KHOCTb OyjeT HAXOJMTbCA B IJIOCKOCTH, OOpa30BaHHOM JIMHHeM BU3MPOBaHHA MU CKOpOCcTHIO Lem. OnpeyesumM 
Takwe [WapaMeTpbl OKpy2KHOcTH ATIOJJIOHHA, KaK LWeHTp OKpy2KHOCTH (TOYUKa Q), pawMyc OKpy2xKHOCTH Tr, TOUKAa 
AnosoHna (A) uw Touka K. Jia sTOroO Y4HMTbIBaIOT BEKTOP CKOPOCTH IeJIM, MOYyIb CKOpOocTH pecreqoBaTesa, 
MOOXKeHHA WpeciweqOBaTesaA WU Wem. EcTb aHasIMTMY4eCKOe pellleHve STON 3aa4dH B IWIOCKOM CHCTeMe KOOpPAMHAaT 
(puc. 5). Llextp kKoopauHaT HaxOJMTCcA B TOUKe NONO%KeHUHA Wemu. Bextop aOcuucc OyeT CeMHH4HbIM BEKTOPOM BJOJIb 
MHMM BU3MPOBaHHA, COCAMHAIOMIeH MOOKeHUA MpecieqoBaTeA U Wemu. Bexrop opaquHaT OyeT NepleHyMKyAPHbIM 
BeKTOpy aOclICCc, HO B IJIOCKOCTH, OOpa30BaHHOH JIMHUeH BU3HPOBaHHA UM BEKTOPOM CKOPOCTH LesIu. 

O@dcyxxKJeHHe  3aKIOUeHHe. Mcrosb30BaHHble B TaHHOM padoTe MeTOAbI MHOrOMepHON HavepTaTesbHoW 
TeOMeTPHU OCHOBAHEI Ha BapHallM MOAyIIeM CKOPOCTeH UM pawWycoB KpHBH3HbI OKpy2xKHOcTen. [pu sTOM NO ycuOBHAM 
3aauu MOJLYIM CKOpOcTeH MpecieqOBaTesIeH ABJIAKOTCA HEH3MCHHBIMH. 

B cTaTbe IIpHHATHI BO BHHMaHHe pe3yJIbTAaTHI, JOCTHIHYTbIe B padotax [18, 19, 20]. 

IIpenqyoo*KeHHBIM TMOAXO MO3BOAeT aAHAaAIM3MpOBaTb MOYIIM CKOpOCcTeH MU HallpaBeHHuH HadasIbHOTO 
J[BYDKeHHA. 

Mojesb 4eTbIPeXMepHoro TpocTpaHcTBa, pescTaBleHHy1o B padotax B.II. bonorospa (runmepsmrop 
Bosotosa)””, clleqyeT 3aJ[eMCTBOBATb AIA aHasin3a: 

— MOJIyjIev CKOpoctTew, 

— paJMycoB OKpyKHOCTeH, MpvsierarollMx K MpecseqoOBaTesAM, 

— HauaJIbHbIxX HalipaBJIeHHi TBYKeHHA TpecseqoBaTesen. 

IIpupeyeHHble B CTaTbe pe3yIbTaTbI UCCIeqOBaHHH MOryT ObITb BOCTpeOoOBaHbI pa3pad0oTunKaMu 
OeCHMJIOTHBIX JICTATCJIbHBIX alllapaTOB, KOTOPbIe BbIMOJHAIOT TPyMMOBble COrmacOBaHHble 3a7a4v. Pob olepaTopa 
HaBeJICHHA MOXET ObITh CBeIeHa K yKa3aHHIl0 [ese M KOHTPOJIFO BbITIOJIHCHHA 3a[a4. 
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Beedenue. CraTba TOcBAIeHa BOMpOCcaM aBTOMATH3HpOBaHHOrO MOCTpOeCHHA CXCMbI JIOKaIbHOM BbIMMCIMTeIbHOU 
CeTH C HCHOIb30BaHHeEM CpeACTB HW MeTOJOB aHasIv3a Tpaduka Ha KaHasIbHOM ypoBHe MoygemH OSI. IIpoOsema oby- 
CHOBIeHa JBYMA PakTOpaMHu. ITO CNOXKHOCTH Py4HOrO OlIpeyeseHuA CBA3eH MexKTY OOOPpyOBaHHeM HU OTCYTCTBHe 
(u3snyeckoro WOCTyMa K JIMHHAM CBA3H yxKe PYHKUMOHUpyromlen ceTu. Llenb padoTHl — coKpallleHve BpeMeHH, 3aTpa- 
YMBaeMOro Ha MOCTPOeHHe CXeMBI JIOKaJIbHOM CeTH, 3a CYCT ABTOMATH3AIIMU Tpollecca OlpeyeseHuA CBA3eH MexKLy 
oOopy0BaHHeM. 

Mamepuasoi u memooot. J\a petieHua TOCcTaBJICHHbIX 3aa4 MpeOxKeH MeTO OlpeyesIeHuA B3AMMHOTLO paciioso- 
%KCHUA YCTPOHMCTB. 3aeHCTBOBaHbI HallpaBJICHHble B MPOTHMBOMOIOXKHbIC CTOPOHbI CeTeBbIe aaliTepbl cnelMasM3upo- 
BaHHOrO IpOrpaMMHO-alinapaTHOrO KOMITJIeCKCa, MOAKIFOUAeMOTO B Pa3pbIB JIMHHM CBA3H B pa3HbIxX TOUKaX ceTH. Vc- 
NOJIb3SyYeMbIN MeTOA Oa3supyeTca Ha BbIYMCJICHHAX MepeceyeHHit MHOXKECTB apecoB, MOIYACHHbIX C ITUX aslalITepos. 
IIpupeyeHbl CTpyKTYpHbIe CXeMbI NOCTPOeCHHA TaKOTO MporpaMMHO-alinapaTHOrO KOMIMIeKca HU TpeOoBaHHA K HeMy. 
OnucauHbl cnocoOp nosyueHua MAC-arpecos 43 TpaH3HTHBIX MakeTos. IIpuBozATcA NpUMepbI OnOIMOTeK IporpamMM- 
HbIX KOMIOHCHTOB JIA BbIMOJHeEHUA STON ONepalun. Jit xpaHeHuA MOJYYCHHbIX JAaHHbIX MpeoxKeHa CTpPyKTypa 
PeJIAIMOHHOH Oa3bl WaHHbIX. OnucaHbl POpMaT HU COepxKaHne Toe ee TAOIMUBI. 

Pe3yjlbmamol ucciedoeanua. C UCiOIb30BaHHeM pa3pa0oOTaHHbIX MeTOJOB Ha THMOBOM IIpHMepe ceTH cTaHyapTa 
Ethernet noka3aH ciocoO onpeyesIeHHaA B3aHMMHOFO paciiOsIOKeHHA KOHCYHbIX YCTPOUCTB, 3aaHHbIX CBOHMH MAC- 
aypecaMu, a TakKxKe KaK MMHHMYyM JIByX KOMMYTATOPOB, HaxOJAIIMXcCA MEK TY HAM. OnpeyeseHbl MpH3HaKH, MO KOTO- 
POM MO2%KHO CyJIMTb O HaJIM4HH KOMMYTAIIMOHHOrO OOOPyOBaHHA B TOM WIM WHOM Cermente. IIpeaoxeH MeTOL, 103- 
BOJIAIOINMU C MCMOIb3OBaHHeM Hadopa pesIAWMOHHBIX OepallMi MOCMeOBaTeIbHO YTOUHATh TOMOMOFHIO CeTH JO TO- 
CTWKeHUA TpeOyeMOl TOUHOCTH. 


Oocyscoenue u 3ako4enua. Iloy4eHHble pe3yIbTaTbl MOryT ObITb MCHOUb30BaHbI IPH alMMHUCTpupoBaHHN Kpyli- 
HbIX JIOKAJIbHBIX CeTeHM C pa3BeTBJICHHON cTpyKTypon. IlpequoxXeHHBIM MOAXO MO3BOIAeT COKPaTHTb BpeMA Ha T0- 
CTpoeHve CXeMBI. ITO BO3MOXHO OarowapA aBTOMATH3allMN Wpolecca NosyYeHuA HHOpMalMU O padoTarolINx B ce- 
TH YCTpOMCTBaXx UH UX B3AaMMHOM paciioJIO2xKeHUH. 


Kurovesbie cioéea: ToMoONOrUua ceTu, rpad, WepeBo, JOKasIbHad CeTb, aHaIM3 Tpaduka, MHOMKeCTBA, PeCJIAI[MOHHbIe OLe- 
pany. 
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Introduction. The paper deals with the problem of automated construction of a local area network using tools and 
methods for traffic analysis at the link layer of OSI model. The problem is caused by two factors. These are difficulties 
of the manual determination of the communication between equipment and the lack of physical access to communica- 
tion lines of an already functioning network. The purpose of the work is to reduce the time spent on building a local 
network diagram through automating the process of determining the communication between the equipment. 

Materials and Methods. To solve the set tasks, a method for determining the relative location of devices is proposed. 
The network adapters of a specialized software and hardware complex, which are connected to a communication line 
break at different points of the network, are used in opposite directions. The method used is based on calculations of 
intersections of address sets received from these adapters. The structural schemes of the construction of such a software 
and hardware complex and the requirements for it are given. The methods of obtaining MAC addresses from transit 
packets are described. Examples of libraries of software components for performing this operation are given. The struc- 
ture of a relational database is proposed for storing the received data. The format and content of the fields of its table are 
described. 

Results. Using the developed methods, a typical example of an Ethernet network shows a way to determine the relative 
location of end devices specified by their MAC addresses, as well as at least two switches located between them. The 
signs by which it is possible to judge the presence of switching equipment in a particular segment are determined. A 
method is proposed that enables through using a set of relational operations, to sequentially refine the network topology 
until the required accuracy is achieved. 

Discussion and Conclusions. The results obtained can be used under the administration of large local networks with an 
extensive structure. The proposed approach allows you to reduce the time required for building a scheme. This is possi- 
ble due to the automation of the process of obtaining information about devices operating on the network and their mu- 
tual location. 


Keywords: network topology, graph, tree, local network, traffic analysis, sets, relational operations. 
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Bpeyenne. Jat KpyMMHbIxX JIOKAJIbHbIX BbIMMCIIMTCJIbHBIX CeTeH XapakTepHa cCJIOKHaA KOHdUrypalnA 
(pH3M4eCKHX CBA3CH, KOTOPad BO MHOTOM orlpeyesaeT 9—eKTHBHOCTK UX paodoTsr [1, 2]. Ha mpakTuke B OpraHn3alluu 
jlasleKO He BCeryja CCTb NOApOOHaA cxeMa WIM WHad JOKYMeCHTAIIMA, OMMCbIBaFOlIad CeTeBOe OOOPyOBaHHe U CBA3H 
M@KTY HUM. ITO 3HAYHTeCIbHO OCJIOXKHACT MPOUeAypbl aJMMHHMCTpUpOBaHuA UW OOYCIIOBJIMBAeCT AKTYAaJIbHOCTb 
IIpOOJIEMbI OlpeseseHHA CTPYKTypbI CBA3eCH B OKCIIIyaTHpyeMOM cCeTH WIA asIbHeMIero MOCTpOeHHA CXeMBI 
paciOsIOXKeHUA HU COCAMHEHUA Y3JIOB. 

JIMHMM CBA3H alle BCerO CKPbITbI 3a 9JIEMCHTaMH KOHCTPyKUMM WIM OTeIKH 30aHWA, JOCTYMHO TOJIbKO 
KOMMYTAallMOHHOe OOOpysOBaHHe. B TakoM cJly4ae HEBO3MO2%KHO TOHATb, K KaKOMY H3 y3JIOB CeTH BeJeT KaxKbIi 
NOAKIIOUCHHbIM ~KaOesb. IlosToMy BO3HHKaeT 3afad4a MOCTpOeCHHA CXeMbI CeTH Ha OCHOBe aHasIv3a JIaHHbIX, 
MOJYYCHHBIX H3 Tpaduka, 3aXBa4eHHOrO B OMpeyesIeHHbIX TOUKaX. Peub UeT O MeCTAX, KOTOPbIe MOTeHI[MasIbHO 
TOCTYNHBI JIA MOAKIIOUCHHA JOMOJHUTeCIbHBIX MpOrpaMMHO-alilapaTHbIx CpeCTB, aHaIM3MpyrolUMx TpaduK. Less — 
COKpalljeHve BpeMeHH, 3aTPpadyMBaeMOro Ha MOCTpOeHHe CXeMBI JIOKAJIBHOM CeTH. 

OnucaHHasd 3a7]a4a OCJIOKHACTCA TEM, YTO BCH HHMOpMalnA, Kacarolllaica (yHKIMOHMpOBaHHA JOKasIbHOK 
CeTH, OTHOCHTCA KO BTOPOMY (KaHaJIbBHOMY) YpOBHFO Moje OSI, a 3Ha4duTeIbHad YaCTb BaXKHbIX JAHHbIX B MakeTe 
OTHOCHTCA K OOsJIeEe BhICOKOMY YPOBHIO — ceTeBoMy [3, 4]. bosbiuiMHcTBO clocoOoB aHasIM3a Tpaduka paccuMTaHbl Ha 
oOpadoTKky HHdopMmarlun ceTeBoro ypoBHa [5]. B cBa3H C 3THM BO3HHKaeT HEOOXOAMMOCTb pa3paOoTKH MeTOOB, 
TO3BOJIAIOMIMX WOUYAINTbh BCe HYKHbIe JaHHble JIA MOCTPOCHHA CXEMBI Ce€TH U3 3aFOJIOBKOB WakeTOB KaHaJIbHOro 
yposBua Moyemu OSI. C azpyrov cTOpoHs!, TOMONOrMM CceTeH Ha KaHaJIbHOM ypOBHe IIpomle, 4eM Ha CeTeBOM, HM BCerya 
CTpOro persaMeHTHpyIOTCA COOTBETCTBYIOWNHMM CTaHapTaMn. 


' IEEE 802.3-2018 — IEEE Standard for Ethernet / IEEE Standard Association // standards.ieee.org/ : [caiir]. — URL: 
https://standards.ieee.org/standard/802_3-2018.html (gata o6pamenusa: 11.04.2021). 
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Martepnasibi 4 MeToabI. CranjaptT Ethernet, moBceMecTHO HCIOJIb3yeMbIM JIA MOCTPOeCHHA JIOKAaJIbHbIX 
KOMIIBIOTEpHBIX CeTeH, IpesyCMaTpUBaeT UCIOJb30BaHHe TOMOJOIMH «epeBO» WIA OpraHn3alluH CBA3CH Me*KILy 
y3amu [5]. B Teopuu rpados «zepeBo» OnpewesAeTCA Kak CBA3HBIM rpad Oe3 WHKIOB [6]. BaxkHoe cileyqCTBue 43 ITOTO 
OlpeyeseHHA: MexK TY JHOObIMM TapaMu BepIIHH B JepeBe MMeeTCA OAMH WU TONbKO OHH WyTb [7]. ITO WO3BOIMeT 
OTKa3aTbCA OT MOMCKa MapIIPyTOB B lpeesax TaKOU CeTH U 3HAYNTCJIbHO YHPOCTUTb paooTy oOopy0BaHHA. 

IIpu noctpoenuu rpada ope yesseTCA MHOXKECTBO eFO BEpIIHH HU CBA3eCH Mex TY HUMH [8]. [IpumMeHutesbHO K 
Tpady ceTuw BeplliIMHbI — 9TO CeTeBOe OOOpyAOBaHnHe. JIA ero alpecaliMu B Mpeeuwax JOKasIbHOM CeTH MCIIOUb3yYIOTCA 
IIpHCBOcHHbIe Tpowu3sBoquTesemM MAC-azpeca. OHM YHUKaJIbHbI JIA KaxKOTO yCTpOMcTBa WM UMeIOT pa3mMep 
6 OaiiTos [9]. B 3aronoBKe KaxyOrO ceTeBoro Taketa — Ba MAC-aypeca: oTmpapnutesa uw mosy4atema. OHH He 
MCHAFOTCA BO BPeCMA Tlepeqauu MakeTa B Wipeyleuax JIOKasIbHOM CeTH HU MOITOMY B paccMaTpHBaeMOH 3aa4e MOLyT OBIT 
MCHOJIb3OBAHBbI JIA HACHTHDUKALMU y3JIOB CeTH. 

IIpu noctpoenuu rpatba ceTH OCHOBHaA CJIOXKHOCTb — orpeyesieHve cBxa3eH. Kaxkaqad BA3b COeMHACT TBE 
BePIIMHbI, B3AMMHOe PaciiOJIOXHKeHHe KOTOPbIX, KAK OTMCYAIIOCH BbIlIe, HEH3BECTHO 3-34 UX OONbIION yaeHHOCTU 
WIM CKPbITOH TpoKaqKH TesIeEKOMMYHHKalun. CBa3H MOryT COeCMHATh YCTPOMCTBA Pa3HbIX THIIOB: KOMMyTaTOp — 
KOMIIbIOTep WH KOMMYyTaTOp — KkOoMMytTaTop. IlocneqHHe cocTaBIAIOT WMHpactpyKTypy Wepesqayw WaHHbIxX U 
IIpeCTaBIIAIOT HavOOJIbIUMH WHTepec C TOUKH 3peHHA aHasu3a TONMONOrMU ceTH. B oTsM4ne OT HHX COeMHeHHA 
KOMMYTAIIMOHHOrO OOOPyOBaHHA C KOMMbIOTepaMH OMMCbIBAaIOT KOHCYHBIe BepIIHHbI rpada. IIpu sTOM KOMIIbIOTepBhI, 
TOAKIIKOUCHHbIC K OJHOMY KOMMYTATOPy, MO2KHO YyCJIOBHO OOBeMHUTb B Ipylilly, TaK Kak JIA HUX B3aMMHOe 
pacnouIO*KeHve OTHOCHTEIbHO JIPyYrHX KOMIIbIOTepOB OyeT OJMHAKOBbIM. B KauecTBe IpyMlbl MOXKHO pacCMaTpHBaTb 
uM OoNee KPyMHble MHOKeCTBA Yy3JI0OB, B TOM 4UHCJI€ KOMIIbIOTepbI, MOKIIOUCHHbIC K JIBYM WIM HeCKOJIBKUM 
OnMKaiIIMM KOMMyTaTOpaM (HalIpuMep, OTBeYarFOINHM 3a CBA3b B Wpeeswax OJHOTO 9TaKAa 3aHUA WIM HECKOJIbKHX 
KaOWHeETOB OJHOTO OTAeNa). B WeNOM y3JIbI, BXOJAIIMe B MHOXKECTBO, JOJDKHbI paciosaraTbcsA pyr K Apyry OswxKe, 
4eM K y3JIaM, He BXOJIAI[MM B MHOKeCTBO WIM BXOJAIIMM B Apyroe MHOxecTBO [10]. B nepBom npHOsMKeHHU BCIO 
OKaJIbHYIO C€Tb MOXKHO PaCCMaTPHBAaTb KaK TAKOC MHOXKECTBO, MOTOMY YTO ee y3JIbl TECHO CBA3AHbI MeXxK Ty coooh u 
OTJIEJICHbI OT ApPyrux ceten [11]. 

VUnea uccieqoBaHua COCTOMT B TOCIeqOBaTeIbHOM yTOUHeHHM ToNOuOrMM ceTH. JIA 9TOrO pa3zqeuMM 
MHOxecTBO MAC-aypecoB BxOJAIIMX B Hee yYCTpOMCTB Ha OOsIee MeJIKHe MOAMHOXKECTBA BIWIOTh WO OlpeseseHua 
Tpyll KOMIIBIOTEPOB, MOKIIFOUCHHBIX K OTJ[CJIBHbIM KOMMYyTaTopaM. 

Pa3yeleHue Ha MOAMHOXKECTBA BBIMOJIHACTCA OTHOCHTeCJIbBHO TOYeCK, B KOTOPbIX K CeTH MOKIIFOUAeTCH 
almapaTHOe YCTPOHMCTBO, CHOCOOHOe aHasIM3HpOBaTb CeTeBbIec MWaKeTbI HU U3BJIeKaTb W3 HUX alpecHylO HU Apyryto 
uudopmauro. TakuM yCTpOHCTBOM MOXeT ObITh HOYTOYK WIM OAHOMMNATHbIM KOMIIbIOTep, NO epxXuBarolllue padoty 
OJHOBPe€MeHHO C JBYMA CeTeEBbIMH alaliTepaMu. ITO MO3BOJIMT MOAKIIOUATb UX B pa3pbIB COeqMHeHUA. B pe3ybTaTe K 
K@KJIOMY H3 JIBYX Ce€TeBBIX alalirepoB OyeT MOAKIFOUeCHA 4aCTb CeTH. 

BaxkHO OTMeCTHTb pa3HHIly MexKTY TePMHHAaMN «BeplIMHa» HU «TOUKAa». BepuimHa — 9TO 4aCcTb rpata ceTH, 
oOo3Hayalollad Kakoe-H00 OOopytOBaHve: KOMMYTAaTOp UJI KOHeYHOe ycTpolicTBo. Touka — MeCTO NOJKIIOYeHHA 
yKa3aHHOro allmapaTHOroO KOMIIIeKca, KOTOPOe BCer a HAXOTUTCA MEK TY ABYMA BeplunHaMn. 

YuNTbIBAA TOAKIIOUCHHe aHaJIM3UpyIOMlerO YCTPOWCTBa B pa3pbIB COeMHeEHHA, HeEOOXOTUMO OOecrIe4nTh 
paOoTocnocoOHOocTb TOM JIMHHM CBA3H, B KOTOPOM STOT pa3pbIB cO3aH. JIA 9TOFO CeTeBbIe aalTepbl JOJDKHbI ObITb 
CBA3aHbI CpeJCTBaMH OllepalMOHHOM cucTembI. Vcnomb3yetca coeqwHeHve THMa «MOCT», MPH KOTOPOM [aKeTHI, 
IpuietuMe Ha OM U3 HHTepdelicos, MepesyaroTca Ha pyro MpW MOMOLIM MexaHH3MOB KaHaJIbHOrO YpOBHA MOJeI 
OSI, To ectb 6e3 yueta [P-agpecos, MapuIpytu3amuu, NAT ut. yg. Tako cnocoO opraHv3alvu coeqWvHeHHA 
TOJJHOCTbIO TpO3padeH WIA APyrux yCTpOWCTB B CeTH, OH He H3MeCHACT WakeTbI HW He MpoOsABAeT CeOA KAKHM-JIHOO 
Ipyrum oOpa3om. 

OcHoBHad 3aa4a paccMaTpuBaeMOro ycTpovicTBa — u3BueryeHuve MAC-azpecos 43 TpaH3HTHBIX WakeTosB. Ha 
9TOM (IlepBOM) dTalle HOCTpoeHuA rpada JOKaNIbHOM CCTM UCHOJIb3YIOTCA YTUJIMTHI 3aXBaTa TpaduKa (ero 3allMCbIBaFOT 
B (baiisl U aHaIM3MpYIOT) WIM CielMasM3MpOBaHHble ONONHOTeKM MpOrpaMMHbIxX KOMIIOHCHTOB (aHasIMu3upyloT TpaduKk 
B peasIbHOM BpeMeHh) [12, 13]. B 3aBucuMocTu OT OMepal|MOHHOM CUCTeMbI OHOUMOTeCKU MOLyT OTIM4ATbCA, OAHAKO, 
Kak [1paBuslo, BCC OHH OCHOBAaHBI Ha Pcap (Packet Capture). 

Hes3apucumo oT cioco6a nosy4eHua MAC-azpecos, uHdopMallua O HUX JOJDKHa COXpaHATbCA B Oa3e JAHHBIX. 
YunTbIBad ONMCaHHble paHee OCOOCHHOCTH Mpolecca MOCTPpOeCHHA CXEMbI CeTH, OTMeTUM Cleayroulve TpedoBanua. JIA 
kaxgoro MAC-arpeca 3alMcbIBaeTCA JJOMOJHUNTesIbHad MHDOpMalnaA: 

— 0 TOUKEe, B KOTOPY!IO MOAKIFOUeHO YCTpOuCTBO, Nosy4uBiree MAC-ayzpec; 
— 0 ceTeBOM HHTepdelice, c KoTOporo MAC-ayipec nosry4eH Kak ayipec oTIpaBuTess [14]. 
B utore TaOsmila Oa3bI JAHHBIX OyeT OMMCbhIBATbCA OTHOMICHHeM A CO CieAyoMleH CXeMOH: 
A (id, address, point, side). 
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3necb id — TlepBUYHbIM KOU, UCMOJb3yeMbIN TOJbKO It UCHTHPUKAaWMU 3alnMcei B TaOmuue; address — MAC- 
ajIpec YCTpOHMCTBa B CeTH, H3BJICUCHHbIM 3 MpOXOAero MaketTa; point — TOUKa MOJKIIOUCHHA B CeTH ((Pu3M4eCKOe 
MecTo); side — yciOBHOe OO03HadeHHe ceTeBOrO UHTepdelica, MepesaBiiero MakeT, 43 KOTOpOrO u3BIeKIH MAC- 
ayipec. 

Ilocne dopMupoBaHnsa Oa3bI WaHHbIxX MAC-aypecos jWId HEKOTOPOrTO KOJIMY4eCTBAa TOUeK 3axBaTa TpaduKa 
HauMHaeTca CUeYIOWMU ITA — MOCTpoeHHve CXeMbI ceTH. OHO Oa3upyeTca Ha HHPOpMaluu O pacripeyzeneHuu MAC- 
ayiIpecoB, MOJYYCHHOM JIA pa3HbIX TOUCK TOAKTIOUeHHA. OOO3HaYMM TIPOW3BOJIbHbIe Be M3 HUX Kak Pp; HU Po. JIA 
KaxkOH TOUKM JOJDKHbI ObITb MOJTYYeHbI [BA MHOXKECTBA aIpecoB, KaxK Oe — OT OTJeJIbHOTO CeTeBOTO aslaliTepa. 
O0o3HauuM X u Y — MHOKECTBA AIPecoB JIA TOUKH p;, ZU V — MHOKECTBA AIPecoB JIA TOUKH P> (puc. 1). 





Y> 

BO-0D-3F... 
Xx: B7-DE-09... 
A4-57-F3... C8-24-6F... 
A1-DO-4B... C6-2A-30... 
AE-3A-58... C2-C7-88... 


Tloqkr0ueHne B TOUKeE Pp; 





Z: 

A4-57-F3... 

A1-DO-4B... V: 
AE-3A-58... C8-24-6F... 
BO-OD-3F... C6-2A-30... 
B7-DE-09... C2-C7-88... 


Tloqkr04eHHe B TOUKE p> 


Puc. 1. Pacnpegenenue aypecoB 10 MHOXKeCTBAM IIPH NOJKIIOUCHHH B pa3Hble TOUKH CeTH 


3yecb wu famee y MAC-azpecos auld cCOKpallleHuaA 3amMcH yKa3aHa TOJIbKO HepBax uacTb. B pamMKax 
paccMaTpHBaeMOro IIpuMepa OHA YHUKAJIbHA, UW ITOFO JOCTATOYHO JIA OTPAxKeHHA PaooTHI MeTOIA. 

Ha ocnope TOJIyYeHHOrO paciipeyesIeHuA alpecoOB TIO MHO2XKECTBaM, COOTBETCTBYFOIIMM pa3HbIM CeTeBbIM 
WHTepdelicaM, MOXKHO CjleaTb epBOHAaYaJIbHbIe BbIBOJbI O B3AMMHOM pacnouoxeHHM ycTpolicTsB. Jia 9TOrO 
HeOOXOJIMMO BbIMUCIIMTb BCe BO3MOXKHBIe Mepece4veHHA JIA J[ByYX TOYUeK, TO ecTb X 1) Z, XN V, YNZ, YN V. 

Ilepeceyenua WenecooOpa3HoO BBIMHCIATb CpeJCTBaMM CHCTeMbI ylipaBieHua Oa3aMu JaHHbIX. OTO 
OOYCJIOBJICHO TeM, 4TO: 

— WHDOpMallMsA O NPHHAaIex*KHOCTH aljpeca KO MHOXKeCTBY XpaHUTCcA B Oa3e JaHHBIX, 
— B peJIAIMOHHOU asreOpe Nos Wep»xKUBaIOTCA Ollepalluu Hay] MHO%*KecTBaMH [15]. 
HeoOxoMMO BBITOJIHUTh 3alIpOcbl, IKBUBAJICHTHBIe CIeyFOWeMy Hadopy BbIpaxkeHun: 
XN Z= TT adaress (Opoint = 1 A side = 1 (A)) q (0 point = 2 side = 1 (A))), 
XNV= HTadaress (Opoint = 1 A side = 1 (A)) q (Opoint = 2A side =2 (A))), 
Y(\Z= HTadaress (Opoint = 2 A side = 1 (A)) q (Opoint = 1 A side = 1 (A))), 
Y(\V= ET adaress (Opoint =2 A side =2 (A)) q (Opoint =1Aside =2 (A))). 

Pe3yIbTaTbI HccIe,O0BaHHA. PaccMOTpuM TIpuMep IIpMMeHeHHA TIpedlaraeMOM MeCTOTUKH JIA MOCTpOeHHA 
TOMOJIOIMH CeTH, UCXOWA U3 paciipeqenmeHua MHOxXecTB MAC-anpecos, mpuBeyeHHoro Ha puc. 1. Onpezenum 
HeOOXxOJIMMBble MlepeceueHHA MHOKECTB: 

X 1) Z= {A4 —57- F3, Al — DO —- 4B, AE- 3A — 58}, 
XN V=Q, 
Y f) Z= {BO — 0D - 3F, B7 — DE- 09}, 
Y f) V= {C8 — 24 — 6F, Co — 2A — 30, C2 — C7 — 88}. 
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MoxKHO 3aMeTHTb, 4TO OHO 43 TepeceyeHui (X u V) — trycToe MHOxecTBO. Tako pe3yibTaT WosyuaeTca 
JIA TIPOTHBOTMOOXKHO HallpaBJICHHbIX CTOPOH. COOTBeETCTBEHHO, JIpyrue MHOxecTBAa (Y u Z), HAOOOPOT, MpeACTAaBIAIOT 
HallpaBJICHHble pyr Ha Apyra CTOPOHBI, a pe3yIbTaT UX TlepeceyeHuaA — 9TO apeca, HaxOAlMecA MexK TY TOUKAMU 
U3MepeHHA, TO CCTb MEXKILY P> UP}. 

OctTaIbHble MepeceyeHua TIpeCTaBIAIOT allpeca, HaxOAMMecaA TO pa3sHble CTOPOHbI 3a TOUKAMU U3MepeHuH. 
X wu V mpeacTaBsaloT MPOTHBONOJIOXKHO HallpaBJIeHHble CTOpOHs!. Ilostomy octTaBilleeca MepeceyeHne, B KOTOPOM 
yuactByet X (To ectb X f) Z), BKuHOUaeT B CeOs alipeca, HaXOJAIIMeCA CO CTOPOHBI TOUKH p,, Y f) V — co cTOpoHsl 
TOUKH p;. TakKHM 00pa30M, MOXKHO CileaTb MepBOHAUaJIbHbIM BbIBO], O B3AMMHOM paciiOJIOxKeHHM BCeX TMOJIYACHHBIX B 
XOJe AHAJIM3a AIPecoB, a TaK2xKe OO UX paciOJIOHKeHUU OTHOCHTEIIbHO TOUCK H3MepeHHaA (puc. 2). 























A4-57-F3..> C8-24-6F.. 
A1-D0-4B... BO-OD oP ics C6-2A-30... 
AE-3A-58.. Bi sk C2-C7-88... 





Puc. 2. B3anmMuoe paciiosoxeHHe YCTpONcTB HU TOUeK 


CireqyeT MOMHUTb, YTO TOUKM Ha WaHHOM CxeMe He ABJIAIOTCA y3JIaMM CeTH (B 4YACTHOCTH, KOMMYyTaTOpaMh). 
OHakO TOJIYACHHBIC Pe3yJIbTATHI MO3BOIAKOT CJleaTb MpeAMONO*KeHve: CCIM B MHOXKECTBO BXOJAT HECKOJIbKO 
ayIPeCOB, 3HA4MT, BHYTPW Hero CCTb KaK MHHUMYM OJIHH KOMMyrTarTop. JlaHHoe yTBep»xeHHe OOOCHYeM Tak: HECKOJIbKO 
KOMIIbIOTepOB He MOIyT ObITb COCAMHEHbI HalIpAMy!0, JIA TOO TpeOyeTcaA COOTBeETCTBYrOlIee CeTeBOe OOOpyOBaHHe 


(puc. 3). 


Pi 
===> —=> 
== = 


Sod gg) doe 


A4-57-F3... as a LEN 6)-C78 8... 
A1-D0-4B... AE-3A-58...._BO-OD-3F... B7-DE-09...  C8-24-6F...  C6-2A-30... 


t 


Puc. 3. Cxema ceTu 


Cxema, lipeycTaBsieHHad Ha puc. 3, He OKOHYATeIIbHAaA, TAK KAK BHYTPH KaxK OO 13 MHOXKECTB MOXKET ObITb HE 
OHH, 4 HECKOJIbKO KOMMyTaTopos. Ha ciemxyroulux 9TaMax paOoTbI MeTOJa JIA KaxKTOTO W3 MOJYYCHHbIX MHO?KECTB 
CleyeT BbINOJHUTb aHasIOrMyHble onepamuu, momyauB MAC-anpeca B gpyrux TouKax ceTu. Kaxkyoe HoBoe 
W3MepeHHe MO3BOJINT YTOUHHTb CXeMy UH JOMOJIHUTb €€ HOBBIMM KOMMYTAILMOHHBIMH Y3J1aMH. 

OdcyxieHne nH 3aKIIO4UeHHA. IIpenmoxeH cnocodO sddekTuBHOoro HocTpoeHua cxembl ceTu. Tlogxoy 
Oa3MpyeTCA Ha ABTOMATH3MPOBaHHOM aHalIv3e€ OTKPbITOM WHDOpMaLMH, W3BIIeCUeCHHOH U3 TepeqaBaeMbIx 10 ceTu 
nlakeTos. JlaHHad MeTO.UuKa — asIbTepHaTUBAa (PU3M4eCKOMY MOUCKy JIMHUM CBA3H M OMpesesICHHIO COeCJMHEHHBIX MMU 
ycTpovicts. IIpumMeHeHve MmpeIOKeCHHBIX PeIICHHH MO3BOJIMT 3HAYHTCIIbHO COKPaTHTb BDNeMA, 3aTPAaTHBAaeMOe 
CHCTEMHbIMH aJ[MHHUCTpaTopaMy Ha OlpeyesIeHve MeECTOMOOMKeCHUA BCEX YCTPOMCTB HM HaHeCeHHe UX Ha CXeMy CeTH. 
IIpeumymlecTBO MeTOXMKH — BO3MO%KHOCTb TOCICOBaTeIbHOTO YTOUHEHHA TOMOJIOrMM CeTeBbIX CBA3CH 0 
nosyueHua TpeOyeMol TOUHOCTH. 
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Beedenue. CotpyHukKu OaHKOBCKOM ciepbl Cc OrpaHHyeHHAMH 0 3J}0PpOBbIO UWMeIOT HeraTHBHbI OFIbIT 
MCHOJIb30BaHHA BHYTpeHHeroO TporpaMMHoro oOOecieveHHA Jit B3AMMOJeCHCTBHA C KIIMCHTaMH WV BBIIOJHeCHHA 
CIIyKeOHBIX OOR3aHHOCTeH. Muorue coOTpyHHKH, HalipuMep, c mpoOseMaMu cilyxa, xoTemH Obl padotaTb B call- 
I[eHTpax, HO He MMeIOT TaKOM BO3MO2%KHOCTH 43-38 ycCTapeBlero mporpaMMHoro oOecreyeHua (ITO). Lesbto 
MCCIICNOBaHHA ABJIACTCA AaHaJIM3 MPMOPUTeTHBIX 3aad IA TawbHewwied pa3spadoTKu TIO c yyeTom uMerolluxca y 
COTPYTHMKOB HapylleHHn. 

Mamepuajvi u memooovi. B kayectBe TIO BpelOpaHa ofHa U3 NOACHCTeM aBTOMATH3MpOBaHHOrO padoyero MectTa, 
TO3BOJIAFONaA COTPyHHHKy B3aMMOJICEHCTBOBaTb HeIOCpeCTBeHHO C KJIMCHTaMM JaHHOM opranu3amnu. B xoye 
aHasIM3a MCIOIb30BaICA MeTOA 9KCHepTHOrO oleHuBaHuA T. JI. Caatu pu coseicTBHH OHOTO U3 9SKCIIEPTOB B 
pa3padoTke ITO ja roe C OrpaHHYeHHbIMM BO3MO2XKHOCTAMH. 

Pe3yjbmamol ucciedoeanua. Uctionb3ya (yHaMeHTasIbHy!o IiKasly WpesqnOuTeHui WM MHeHMe 9KCIepta B OOacTU 
pa3padboTku [IO ayia moet Cc WHBAIMTHOCTbIO, MOCTPOeHbI MaTpHIa MPHOPUTeTOB JIA KaxKTOrO U3 KpHTepueB 
(CyOTHTPBI, YIPOMEHHble WIPUThI, rOOCOBOe COMPOBOXAeHHe, YIpOMEHHOe HU yasIeHHoe yipaBeHHe) U mIaTPopM 
(IOS, Android, Windows OS), a Takxe rmoOalbHad MaTpUIla MPHOPHTeTOB JIA BCeX KPUTepuesB U TaTPopM. 
Oocystcoenue u 3akiro4enua. TIpopeyeHo 9KCHepTHOe OIeCHHBaHHe HeCKOJIbKHX xXapakTepucTuK ITO OaHKoBcKon 
KOMMep4¥eCKON OpraHu3alnMu Poccuvickon Dezepaluu AIA BbIABIIGHHA HEAOCTATKOB UCHOJIb30BAaHHA COTPyAHUKaMH, 
MMeCIOINMMU WHBAIMAHOCTb. B xoe aHasiu3a CeaHbl IPpOMexXYTOUHBIC BbIBOJIbI: C€AMbIM HCEOOXOAMMBbIM KpHTepveM 
WIA JuOeH c mpoOseMamu cilyxa saBIaeTcA «CYyOTUTPbI; TIA TWOTeH Oe€3 BO3MO2%KHOCTH BbIXOJUTb U3 OMa — 
«YaneHHoe yipaBlleHve»; Wid wOWeH Cc aMiyTalluaMu WIM HeoOpaTHMbIMH TOBpexXTeHHAMH KOHeYHOCTeH — 
«YmpomleéHHoe yupaBseHHve». OcTasIbHble WapaMeTpBI JIA peasM3alMu He PeKOMeHJLYIOTCA. 


Kyiouvesvle ciloea: 39KCIiepTHOe OL|eCHHBaHve, ABTOMATH3HpOBaHHoe padouee MeCTO, HHBAJIMJHOCTb, KOMMep4eckoe 
IIporpaMMHoe obecrieueHne, aHamu3 Nepapxuu T. JI. Caaru. 


Alia yumupoeanua: Bacxaxos, A. A. K mpo0sieme UCciOsIb30BaHHA ABTOMATH3MPOBaHHOrO paoouero MEeCTA JIFOJIbMH C 
OrpaHH4eHHbIMH BO3MO2xHOCTAMH / A. A. backakos, A. I. Tapacos // Advanced Engineering Research. — 2021. — 
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To the problem of using an automated workplace by people with disabilities 


Baskakovy A. A. @® Tarasov A. G. @® 
Moscow State University of Technology “STANKIN” (MSTU “STANKIN’”) (Moscow, Russian Federation) 


DX) aleks.baskakov@mail.ru 


Introduction. Employees of the banking sector with health restrictions have negative experience of using internal 


software to interact with customers and perform their official duties. Many employees, for example, with hearing 
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problems, would like to work in call centers, but do not have this opportunity due to the outdated software. The research 
objective is to analyze the priority tasks for the further development of software products, taking into account the 
existing health problems of employees. 

Materials and Methods. One of the subsystems of the automated workplace (hereinafter referred to as the AWP) was 
selected the software, which allows the employee to interact directly with the clients of the given organization. The 
analysis used the method of expert evaluation by T. L. Saati with the assistance of one of the experts in the development 
of software for people with disabilities. 

Results. Using the fundamental preference scale and expert opinion in the field of software development for people 
with disabilities, a priority matrix was built for each of the criteria (subtitles, simplified fonts, voice guidance, 
simplified and remote management) and platforms (IOS, Android, Windows OS), as well as a global priority matrix for 
all criteria and platforms. 

Discussions and Conclusions. An expert assessment of several characteristics of the software of a commercial banking 
organization of the Russian Federation was carried out to identify the disadvantages of using the software by employees 


with disabilities. During the analysis, intermediate conclusions were made: the most demanded criterion for people with 


hearing problems is “Subtitle”; for people without the ability to leave the house — “Remote control”; for people with 
amputations or irreversible limb injuries — “Simplified control”. The other parameters are not recommended for 
implementation. 


Keywords: expert assessment, automated workplace, disability, commercial software, analytic hierarchy process. 


For citation: A. A. Baskakov, A. G. Tarasov. To the problem of using an automated workplace by people with 
disabilities. Advanced Engineering Research, 2021, vol. 21, no. 3, P. 290-296. https://doi.org/10.23947/2687-1653- 

Bpejenue. B3aumMoyevicTBue KJIMeHTa C COTPyJHHKOM kKOpnopaTHBHOH oOpraHH3alun peasM3yertca 
HOCpeCTBOM KoOmisekcHoro IIO, KoTOopoe MpeqHa3HayeHO JIA ympaBIICGHHA JOCTYMOM K TIpOyKTaM KOMIIaHHM 
yCKOpeHHOM OOpadoTKH 3alIpocoB KiIMeHTa. TakoBa, HalpwMep, CHCTeMa ylIpaBJICHHA B3aMMOOTHOIICHHAMH C 
kaMeHTamu (CRM-cuctema) [1], koropaa xopomio ceOa 3apeKoMeHyOBasa B Call-teHtTpe. Takxe cymjectByeT IIO ana 
oTea KUOepOe30MacHOCTH, Te MpOnCXOAUT JIOrMpoBaHne U ayqupoBaHNe COOBITHM KIIMeHTa WIM COTPpyAHUKOB. Bce 
BbILMeCKa3aHHOe, B OTIMYMM OT TPOAYKTOB, HCIOIb3yYeMbIX HeMOCpeACTBeHHO KJIMCHTAMH, JOCTaTOUHO TMIOXO 
ajlallTHpOBaHO JIA COTPYAHHKOB, MMeIOMIMX PU3H4eCKHe OTpaHu4eHHA (MHBAIMHOCTS). 

BpmouHeH aHasiv3 HEKOTOpPbIX xapakTepucTHK ITO aa BEIABIIeCHHA CIAaObIX CTOPOH B TaHHOW WpoOsemMaTuKe. 
OeHkKa MpoBoyMacb MeTOJOM aHasm3a uepapxuu T. JI. Caatu mpu moyzkmrouenuu 9sKcnepta IIO ana sronen Cc 
Or paHHeHHbIMH BO3MO2KHOCTAMH. 

Marepuasbl WH MeTOMbI. OKcHepTHOe OLeHHBAaHHe MeTOJOM aHasM3a Wepapxuu pecTaBlaeT codon 
JCKOMMO3HIIMI0 IIpOOJIEMBI HM BbIABJICHHe BaXKHOCTH KPHTepveB IPH MOMOLMIM IKCHePTOB JaHHOU OOacTH. DTOT MeTOT 
XOPOINO MOAXOTNT B YCJIOBHAX MOJHOU ONpeeCHHOCTH UW MPH HasIM4Mu MHO*KecTBa KpuTepues [1]. 

Ilo MHeHuO DKCIIepTa, peliieHHeM HanOosIee OCTPbIX IpoOeM Cc MporpaMMHbIM OOeciicdeHHeM JIA TONE C 
OrpaHH4eHHbIMH BO3MOX%KHOCTAMH MOTYT OBITB: 

® YIIPOIeCHHble WIpUTsI WA WHOWeH Cc mpoOueMaMu 3peHHs; 

© TOJOCOBOE CONPOBOXKAeHHe JIA HONE C OTCYTCTBHeM 3peHHA; 

@ yIIPOIMeHHOe yiIpaBlleHHe JIA TOWeU C AMITYTAL[MAMU UM HeEOOpaTHMbIMH MOBPexKTeCHHAMU KOHeCYHOCTEH; 

© CYOTHTPBHI JIA JOE c mpoOuemMamn ciryxa; 

© yianéHHoe yipaBeHue JIA TtOeU Oe3 BOSMOXHOCTH BbIXOJUTb 3 OMA. 

JlaHHble TpoOMeMbI MOXKHO peasiv30BaTb Ha Tpex HanOosee MOMyIAPHbIX MIaTPOpMax B3aHMMOeMCTBHA 
COTPYAHHMKOB C IIpHioxKeHHeM (KaHalamn): Android, IOS, Web-Opay3ep. BHayane mpoOsnemMa eKOMMO3upyetca Ha 
KpHTepuu, Ipw4eM JeCKOMMO3HIIMA ABJIACTCA MOUHOW, ecuH Karat WaTdopMa B3aMMOJIeHCTByeT C KarKJ[bIM 


kputepnuem (Puc. 1). 
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Bsl0op Kputepua 


a 


YIIpoujeHHple T’onocoBoe YmpoujenHoe 
WIpu@Tsl COMNpOBOXxKAeCHHe ylpaByleHue 


Y jlasleHHoe 
yupaBsieHue 


|! |! 


CyOTnTpbI 


Web-xkaHas Android IOS 


Puc. 1. Vepapxua Beldopa kputTepua JIA Oe C OrpPaHH4YeCHHbIMU BO3MO2%KHOCTAMU 


C ebro OlpeyeseHua TpeqMouTeHni JA KaxK TON WaTPOpMbI U KaxkK TON WpoOsIeMbI CTpONTCA MaTpuila 
lapHbIx cpaBHeHuln. Jia sTOrO CeAyeT ONpeeNMTh WikKasly OlleHHBaHuA (PyHTaMeHTaIbHy!o Wikasy) [2-4], koTopasr 
MMEeT BHI ACCOMMATMBHOU TaOmMUbI (TaOsmuua 1). 

Tadsuua | 


DyHaMeHTaIbHad Mikasa NpeqouTeHuu 


CrTeleHb 
Onpeyemenne 
IIpeqWOUTeHHA 
OOe asIbTepHaTHBbI OJMHAKOBBIe MO MpeMOUTeHHIO 


IIpomexytTouHoe TMOJIOKCHHE MCKITY OJ MHAKOBbIM H CpCTHUM pe TTOUTCHHUCM 
Oya H3 aJIbTCPHaTHB TWO MHCHHEO SKCIICpta Oouree IPC HIOUTUTCJIbHa, 4OM BTOPaA 





Pesy1bTaTbl ucceqoBaHHA. Ilo KaxKOMy KPUTepHto paccuunTEIBaeTcA mpuopurter' [5]. [ma sToro cTpoutca 
MaTpuila (TaOmua 2). Kak abi KpUTepui CpaBHUBaeTCA CO BCeMH OCTAJIbHbIMH M10 WiKasie OT 1 no 9. Jlanee HaxoqUTCA 
IIpow3sBeyqeHHe WM CyMMa JIA KaxKTOTO KpWTepua Cc WelbkO aHalIM3a JIOKaIbHOrO BeKTOpa TpwvopuTeToB. CymMMa 
JOKAJIbHBIX IIPHOPUTETOB MPH WpaBHJIbHOM TOACYeTe JOJOKHAa ObITb paBHa euHute [6]. 

V3 BbIYHCJICHHH MOX%KHO CyeuaTb BbIBOA, YTO HanOoee MpeAMOUTHTeCJIbHbIM KPHTepHeM ABJIACTCA 
«CyOTHTpbp>. CyIeqyIOMMMMH MO IIpeAMOYTHTeIbHOCTH ABIAIOTCA KpHTepHu «YUpoUeHHOe ynpaBieHue» Hu 
«Y WayleHHoe yipaBsIeHHe). 

JlokaIbHbIM BeEKTOp IpHopunteToB V, HaxoAMTCA 10 PopMysie: 

"(Wiea K i 
OTR 


rye nm — KOIM4eCTBO KpuTepnes; K — kKpuTepHu. 


1 fe 

Kpyrosa, VU. B. Ananu3 KputTepveB HHHOBAILMOHHbIX MpoeKToB ITAO «Meradou» Ha OCcHOBe MeTOJIa aHasiM3a Mepapxuu Caatu / V1. B. Kpyrosa // 
IIpukiaqHadt MaTeMaTHKa U WHPOpMaTHKa: COBPeMeHHble MCCIeOBAaHUA B OOAaCTH eCTeCTBCHHBIX HW TEXHMYeCKHX HayK : Matep. III Hay4.-mpakT. 
Bcepoc. KOH. Tombatru : 130-B0 Kayannmn Anexcanyap Bacumpesuy, 2017. C. 297-302. 
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Tadnmutia 2 


OleHkKa BaxKHOCTH KpuTepueB 
IlapametppI pacueta 
Martpuia 10 KpuTepuaAmM P Pere 
m0 dopmyne (1) 

Kputepuii Tonocosoe | Yupouen- ; JlokaspHbiit 

YIIpouleHHBle Y nasleéHHoe 
auld Hoe CyOTuTpBI IlpousBeyeHue BeKTOP 
LIpudtTsl ylipaBsIeHue 
ylpaBjieHHe 
YIIpomleHHsIe 
WWpudtTi 
I ono0coBoe 
COMpOBOxKTeHHe 


0,002 
—- 
<a 


Vnyexc cormacopanHoctn / 1oKa3bIBaeT CTEMeHb COrIaCOBaHHOCTH OLeHOK 9KCIIepta [7] H paccuMTHIBAaTBCA 


=[eTu le 
y 
—— 

ae 


10 POpMys1aM: 





_ |a-n| 
~  n-1’ (2) 
Oo = i=1 Vi ie (3) 
rye V— BekTop l1puoputetos; S — cyMMa KpuTepnues; n — i-bIM KpuTepuu. 
OTHomIeHve CormacoBaHHocTH RF onpeyeuaroT 10 (bopmysie: 
I 
R= 7- 100%, (4) 


rye L — cityyavHad COriacoBaHHOCcTh. 
Ciry4aiihasd CormacoBaHHOCcTb — 3TO MMMepaTUBHble 3HavYeHHA, KOTOPbIle NPUBeeCHbI B TaOMIe 3 WIA MaTpHI 


pa3Hou pa3mMepHoctTn [8, 9]. B 7aHHOM ciTy4ae 3HadeHHe OepeTca JIA MATPUIIbI U3 5 KpuTepues. 
TaOsmia 3 


3HaveHHA CyYaHHON COrIacOBaHHOCTH JIA MAaTPUI pa3sHbIx WOPATKOB 


-Paowep warp [i [2] 3 [4] Ss [6] 7] e[o [Ww 
Cayralian cornaconannoors | 0[0 | O58 [09 | Tia | 124] 132] a [as | 14 


Ilo dopmysiam (2)—(4) BerancaMuM: 
a= 10,2 -0,12 + 16- 0,04 + 9,45 - 0,21 + 3,25 - 0,32 + 2,91 * 0,29 = 5,7324; 
I = |5,7324 — 5|/(5 — 1) = 0,1831; 
R=0,1831/1,12 -100=~16 %. 
Ilapametp R umeet jomycTumMoe 3HayeHne (He Oostee 20 %). 
Ha jaHHOM 9Talie olpeyiesaeTca MpHOpuTeT TO KaxkKTOMY H3 KpuTepveB UW MpoBepseTcA COrslacOBaHHOCTb 





MHeHHH 9KcrepTos [10, 11]. Pacuersi mpuBezeHsi B Taste 4-8. 
TaOsnia 4 
Matpuiia IpHopuTeTos Jia KpuTepuaA «Y MpomleHHble WIpH@Tbpy» 


Matpuua A140 m1aTdopM Se pacueta 
IInardopma V1 BexktTo 
vor Android IIpou3BeqeHue . 
Tpou3BpeyzeHua | IIpHOpuTeToB 


| 2,28 | 0,59 | 


ee er 
05 6 a0 108 
Sc 








VUndopmaruka, BbIYMCIIMTeIbHad TeEXHUKa UV yiipaBsleHve 


KO 
\O 
Oo 


Advanced Engineering Research 2021. T. 21, Ne 3. C. 290-296. ISSN 2687-1653 





Ilo dopmysiam (2)—(4), ucnonb3ya Tanna 3, BbIaHCIMM OleHKy CormacoBaHHoctTn [12]: 
a = 1,66 - 0,59 + 3,25 - 0,32 + 11 - 0,08 = 2,8994; 
I = |2,8994 — 3] /(3 — 1) = 0,0503; 
R =0,0503 / 0,58 - 100 = 8,67 %. 
3HayeHne MapamMetpa R aBiIseTcA JOMYCTUMBIM. 
Tadsnuua 5 


Martpuila 1pHopuTeTos JWIa KpuTepua «I OIOCOBOe COMPOBOXxeHHe»» 


Matpuua A140 m1aTdopM IlapametTpbI pacueta 
IInatdopma 


3 
V B 
mpousBeyeHua | UWpHOpuTeToB 


we ff wets 


es a 
SO 





Ucnosb3 ya Tpe*KHIOlO MeTOJIMKy UW WaHHble TaOsMUbI 5, BbIYHCIIMM OL[CHKy COrIacOBaHHOCTH: 
a= 4,5 - 0,23 + 1,53 - 0,64 + 8 - 0,12 = 2,97; 
I = |2,97 —3|/(3 — 1) = 0,015; 
R =0,015 /0,58 - 100 = 2,58 %. 


3HaueHne MapaMetpa R saBiaeTca JOMYCTHMBIM. 
Tadmuta 6 
Matpulia NpHopuTeTos Jia KpuTepua «YUpomeHHOe yupaBseHHue» 


Matpuua aa mraTdopM IlapametTpbI pacueta 
IInatdopma 


Vow Bextop 
Android IOS IIpou3BeqeHue 
Wpou3BpeyzeHua | UpWOpuTeTOB 


eet 
[wer assis 





BsIuucCsIHM ONeCHKy COrIaCOBaHHOCTH JIA yYIpOWEHHOTO yipaBIeHHA MO JaHHbIM TaOJIMIBbI 6: 
a=2,5-0,4+2,5-0,4+5,0- 0,2 = 3,0; 
I =|2,95 — 3] / (3 — 1) = 0,025; 
R =0,025 / 0,58 - 100 = 4,3 %. 
VB WaHHOM Cilyyae 3HadeHHe Tapametpa R aABIaeTCA JOIyCTHMBbIM. 
Taodsuia 7 
Matputla mpHopuTetos Jia KpuTepua «CyOTHTpbp» 


Matpuna aa miraTdopM IlapametTpbI pacueta 
IInatdopma 


VV 
Vou Bextop 
j Android IIpou3BeqeHue 
pou3sBeyzenua | MpwopuTeTos 


ef 
eV 
[wor fed as C—~dSC 
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BsravcsiuM OHCHKY COPTIACOBAHHOCTH, UCHOJIb3SYA TaHHbIC TaOJIMIIbI a: 
a=8- 0,13 +2,2 -0,49 + 2,5 - 0,36 = 3,018: 
I = [3,018 —3|/ (3 — 1) = 0,009; 
394 R = 0,009 / 0,58 - 100 = 1,5 %. 


Bacxakoe A. A. u op. K npoosieme UCNONEJOCAHUA AGMOMAMUZUPOCGAHHOCO pabouezo Mecma JUOObMU C OCPQHUYLCHHEIMU COZSMOHCHOCMAMU 





3HaveHHie TapaMetpa R saBiaeTca OMYCTHMbIM. 
Taodnuua 8 


Matpulia npvoputeTos Ayla KputTepua «Y WasleHHoe ynpaBsieHHe» 


Matpuua aa miaTdopM IlapametTpbI pacueta 


I 5 B 
Npon3BeqeHunA NpHOpuTeToB 


Web a 
Android A 

[08 a 
SO 


BsruncuHuM OUCHKY COlrIaACOBAaHHOCTH, PYKOBOJCTBYACb JaAHHbIMU TaONHIUbI 8: 
a=9-0,101 +6,5 - 0,172 + 1,36 - 0,726 = 3,01436; 
I = 3,01436 — 3] / (3 — 1) = 0,025: 
R = 0,007 / 0,58 - 100 = 1,2 %. 





3HaueHne MapamMetpa R aBiiaeTca JOMyCTUMBIM. 
UcxoHble JaHHble MU pe3yJIbTaTbI pacdeta rIOOasIbHbIX NIPMOPUTeTOB ipe/iCTaBJIeHbI B TaOULe 9. 


Taodmuta 9 
UcxoyHble JaHHble HU pe3yIbTaTbI pacueTa r100asIbHBIX IIPHOPHTeTOB 


Martputia ri00asIbHbIX MPHOPUTeTOB TO KPHTepuAM 


- I n00asIbHbI 
YIIpOmeHHble TonocoBoe YiIpolujeHHoe Y naneéHHoe 
IInatdopma CyOTuTpbI BeKTOp 
WIpudtTi CONpOBOXKTeEHHe ynpaBJieHua ynpaBsieHue 
IIPHOPHTeETOB 


poi | ome iT ati] =| 


wo | 059 [os —-*| oa *(| os | 0101 | ona 
Android | 032 | 06a —*(| 04 —*i| 04a | aim | 035408 
jos] 00s | 0 | 019 | 036 | 0,726 | 0.38008 
[Gwe f= +--+ - +f -_f- +. 1 





Pacuet rio0asIbHoro TpvoputTeta C kaxKTON TWaTPOpMbI OTHOCHTeJIbHO KPHTepvesB BbIMOHAeTCA 10 (bopmyaie [13]: 


nN 
c=SP-P, 
ni 
rae n — i-bImM KputTepun; P, — ruo0anbHEIMM WpHopuTeT i-ro KpuTepua; P,;, — OTHOCHTeCIBHbIM MPpHOPUTeT KaxK TON 
a | 2 FL 


TaTPOpMBI Jia i-ro KpuTepus. 

Paccuntaem rio0asIbHbI IpWOpuTeT BCeX aIbTepHATUB: 

e ja Web:(0,12 - 0,59) + (0,04 - 0,23) + (0,21 - 0,4) + (0,32 - 0,13) + (0,29 - 0,101) = 0,23489; 

e mya Android: (0,12 - 0,32) + (0,04 - 0,64) + (0,21 - 0,4) + (0,32 - 0,49) + (0,29 - 0,172) = 0,35468; 

e gua IOS: (0,12 - 0,08) + (0,04 - 0,12) + (0,21 - 0,19) + (0,32 - 0,36) + (0,29 - 0,726) = 0,38004. 

VUcxoaa 3 pe3yiIbTaTOB pacueTa, WpwopuTeTHOuM saBaaetTca ITOS-nnatdopmMa c_ eslbIO pa3pad0oTKu 
(YHKIMOHAIA TIA Oe C OrpaHHyYeHHbIMM BO3MOX%KHOCTAMH, HanOosee OM3Ka K TpHopuTeTHOM — Android- 
riaTpopma [14]. 

OOcyxeHHe H 3aKIIOUeHHA. IIpoBeyeHHOe UCCeqOBaHHe MeTOJIOM aHalIv3a Wepapxuu Cc yu4eTOM 
MHeHHA 9KCIepTa WOKa3asio: CaMbIM HeOOXOJMMbIM KpHTepveM JIA HOWeM Cc MpoOseMamMu Cllyxa ABIIACTCA 
«CyOTuTpbD> (uHaeKc 0,32); Wa Troe Oe€3 BO3MO2%KHOCTH BbIXOJMTb W3 TOMa — «YlaneHHOe yiupaBseHHe» 
(uHaeKkc 0,29); nia WHOWeH C aMITyTalI[MWAMU WIM HeOOpaTHMbIMH MOBPexXTCHHAMU KOHeEYHOCTeH — «YmpomleHHoe 
ylipaBsleHve» (uHAeKc 0,21). OcTalbHble WapaMeTpBI JIA peamu3aluu He PeKOMeCHAYIOTCA. 

Jina kputepua «CyOtuTpbp» HeoOxoyqHuMOonH aTpOopMoH WA pearm3alun saBiaetca Android OC 
(uHzexc 0,49). JlocrarouHO HeEOOXOJMMBIM TakxKe OKa3asacb OllepaltuoHHaa cuctema IOS (uHgexc 0,36). «Y qameHHoe 
ylilpaBlieHve» HanOouee HeoOxozuMO Ha IOS-naTmopme (uHyexkc 0,726). Jia KpuTepua «YnpomeénHoe yupaBseHne» 
B paBHO cTelieHu TpeOyetca Android u Web-Bepcua cepBuca (06a uHaeKca 0,4). [noOanbHEIi WHAeKc TWIaTPOpMBI 


VUndopmaruka, BbIYMCIIMTeIbHad TeEXHUKa U yipaBsleHve 


JIA BCCX KPUTepveB MOKa3a HanOosee NpHoputTeTHoH IOS-pa3paoorTky. 
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3AAGIEHHbIU BKIAO aemopose: 
A. A. BackakoB — lpoBeyleHve pacueToB, NOJTOTOBKa TeKCTa, MOMCK Hay4HO JMTepaTypbl, PopMUpoBaHHe 
BbIBOOB; A. I’. Tapacop — HayyHoe pyKOBOJCTBO, POPMUpOBAaHHeE Les U 3aad, KOPPCKTHPOBKH TeKCTA. 


Bce aemopbi npowumasu u odOdpulUu OKOHYAMENbHbIU BAPUAHM pPyKonucu. 


